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ABSTRACT
Combustion systems in gas turbine engines are subjected to particular scrutiny in regards
to the emissions which they produce. Of special interest are the emissions of Oxides of Nitrogen
(NOx), which have a direct impact on air quality as well as health aspects. There is a need in
the industry for elegant designs for these combustion systems which reduce the formation of
NOx. The present study includes an in depth analysis of a state-of-the art prefilming airblast
injector which is designed for achieving low NOx. The design has been studied through the
use of turbulence resolving simulation to differentiate what is important for the design of this
system. The OpenFOAM CFD software, with a Delayed Detached Eddy Simulation (DDES)
model recently developed at Iowa State University, is shown to provide a suitable design tool
which has been used to accurately predict a variety of parameters important to this combustion
system. Of particular interest are the mixing characteristics of the atomizer, which have been
studied through a series of CFD simulations including single-phase, multi-species, and multi-
phase simulations.
Turbulence simulations are validated by comparison to United Technologies Aerospace Sys-
tems (UTAS) data with air only. It is shown how DDES is able to capture the downstream
mixing of air streams.
Finally, a novel atomizer has been designed with these methods which is intended to promote
thorough mixing. The CFD mixing characteristics are described and compared to the existing
injector.
1CHAPTER 1. OVERVIEW
1.1 First hypothesis
A non-premixed fuel injector can be designed that increases the mixing of fuel and air due
to the fuel injector in a combustor in a gas turbine engine compared to a state-of-the-art low
NOx injector.
1.1.0.1 Parts of the hypothesis
In gas turbine engines, specifically operating in a lean mixture of fuel and air, improving
this mixing process leads to lower emissions of pollutant NOx. In a Multipoint Lean Direct
Injection (MLDI) combustor, this mixing takes place almost entirely due to the fuel injectors.
It was therefore goal of this research to determine the mixing characteristics of such devices.
1.2 Second hypothesis
Turbulence resolving Computational Fluid Dynamic (CFD) simulations are able to accu-
rately model the characteristics of the injector, and therefore can be used for the design of new
injectors.
1.2.0.2 Parts of the second hypothesis
In particular, the flowfield created by the air passages by the fuel atomizer must be prop-
erly represented in the CFD simulations. Next, the distribution of fuel within a non-reacting
flowfield is also considered.
21.3 Criteria review
Throughout this work, a state-of-the-art prefilming airblast fuel injector will be described.
Turbulent flow CFD simulations will be presented for this airblast injector with an eye towards
important characteristics of the flowfield which directly relate to the mixing of fuel and air.
The simulations are validated by comparison to experimental measurements. Finally, a novel
injector is discussed, both in terms of the rational behind its design and comparisons to the
prefilming airblast injector are made through computational results.
3CHAPTER 2. REVIEW OF LITERATURE
In order to understand the motivation behind the research presented within this study, it
is helpful to review literature which pertains to the subject of NOx reduction. Furthermore,
the Multipoint Lean Direct Injection (MLDI) concept for reducing Oxides of Nitrogen (NOx)
is described, in particular, an introduction the MLDI system designed by United Technologies
Aerospace Systems (UTAS) and tested at NASA is presented.
2.1 Pollutant NOx
According to Lefebvre, A. , Ballal, D. (2010), NOx emissions produced by aircraft gas
turbine engines only accounts for about 2% of the total NOx emissions from all sources in the
United States, and less than 3% worldwide. However, these NOx emissions lead to formation
of ozone, which is associated with respiratory illnesses among other health concerns. NOx
is also a primary promoter of photochemical smog, which is of concern in many large cities,
which, in turn, is a primary driver for stringent legislation on NOx. Aircraft engines emit
NOx at high altitudes, which is shown to deplete the stratospheric ozone layer, which causes
a corresponding increase in skin cancer rates. A description of the legislation by various local,
state, and national governments is also described in this reference, which are aimed at reducing
NOx for aircraft and stationary gas turbine engines. Many NOx control strategies used in gas
turbine engines are also cited, which usually consists of methods to produce more homogeneous
mixtures of air and fuel, or by limiting residence time within the combustor.
In Turns, S. (2010), the author describes how NOx is formed, specifically that the process of
NOx formation requires time, the presence of high temperature, available oxygen, and to some
extent effects of pressure. In lean combustion, which is the interest of the present research, it
4is shown that as flame temperature increases, NOx responds by increasing exponentially until
a stoichiometric mixture is reached. This exponential increase in NOx means that any mixture
above the intended fuel to air ratio results in a higher than desired emission of NOx. As such,
designs of combustion systems should be made to mix fuel and air as rapidly and completely
as possible in order to limit the production of NOx.
Tacina, R. (1991) describes some methods, especially focused on fuel injection and mixing,
for controlling NOx in gas turbine engines. The three predominant methods include Lean
Premixed Prevaporized (LPP), Rich burn Quick quench Lean (RQL), and Lean Direct Injection
(LDI). Briefly described, LPP is a mixture of fuel and air prior to combustion, which produces
a homogeneous mixture, thus avoiding rich pockets which cause high NOx. LPP produces
very low NOx, but also has disadvantages of flashback and auto-ignition, as well as a relatively
narrow operating range. These disadvantages make it generally unsuitable for aviation gas
turbine engines. The RQL method has increased stability over LPP, however it has slightly
higher NOx than LPP due to some stoichiometric mixtures present in the quenching stage. The
third method is LDI, which is the focus of the present research. The LDI method is described
as having nearly the same levels of NOx produced as LPP, but without the stability concerns
and a much wider operating curve. At the time of this publication, most of the LDI NOx levels
were achieved with gaseous fuel, and the authors state that the challenge will be to produce
the same low levels of NOx with liquid fuels.
Tacina, R. (1990) also describes some of the earlier experimental emissions results of
LPP, RQL, and LDI systems. Correlation equations are given for various concepts in order to
characterize these experiments for comparisons between methods.
2.2 Early MLDI research
Multipoint Lean Direct Injection (MLDI) has been actively researched for the last two
decades beginning with a series of tests at NASA Glenn Research Center. The first and second
generation MLDI concepts were focused around pressure atomizers for fuel distribution, with
each fuel distribution tip surrounded by an air swirler. These fuel distribution tips are known
as pressure atomizers, which, described by Lefebvre, A. , Ballal, D. (2010), are devices which
5rely on the conversion of pressure in the fuel into kinetic energy, to achieve a high velocity of
fuel relative to the surrounding air.
The case for multipoint lean direct injection as a means of reducing NOx is made by
Tacina, R. , Wey, C. , Laing, P. , Mansour, A. (2002) where the authors compare leading
methods of low NOx combustor concepts. As this reference states, there is a desire to increase
efficiency of aircraft engines, however this leads to an increase in engine pressure ratios, which
directly translates higher compressor discharge air temperatures, thus leading to higher peak
flame temperatures. Unfortunately, this increase in flame temperature results in an increase
in thermal NOx. The authors reiterate that one of the key strategies in reducing NOx in lean
combustors is to ensure an extremely uniform mixture of fuel and air, avoiding mixtures around
stoichiometric conditions. They continue to introduce MLDI as a system of fuel injectors in
combination with a combustor which is intended to produce a uniformly distributed mixture
of fuel and air. It accomplishes this by mechanically distributing the fuel through a multitude
of fuel injectors, with each injector surrounded by air from an air swirler. The authors of this
reference describe and test a 25 point and a 36 point MLDI array, each of which is intended
to replace a single traditional fuel injector. On a typical engine with 20 or more traditional
fuel injectors, this would equate to hundreds of multipoint injection locations per engine. This
discretization of fuel into hundreds of injection sites per engine improves homogeneity of the
mixture in order to reduce NOx. The arrays were tested in a rig test and demonstrated very
low emissions of NOx.
As the 36 point array was able to achieve a lower NOx than the corresponding 25 point
array, it was anticipated that an array developed with more injectors, with overall fuel and air
flow rates remaining constant, would lead to lower NOx yet. The idea being that smaller nozzles
in the same combustor area would produce smaller recirculation zones and shorter residence
time, leading to lower NOx. To test this, a 49 point MLDI array was tested, as reported by
Tacina, R. , Mao, C. , Wey, C. (2004). Unfortunately, the results were disappointingly higher
than for the 49 point array compared with the 36 point array. Later investigations, as stated
in Lee, C. , Tacina, K. , Wey, C. (2007), concluded that there were blockages found in some
of the fuel lines, which lead to uneven distribution of fuel within the array. This important
6finding shows that even though theoretically the NOx should decrease as the number of injection
sites increases, there are certain practical limits such as the resulting decrease in passage sizes
which are prone to plugging. This approach, while demonstrating the physical principles and
advantages of MLDI, are not very practical due to the increased cost and complexity of such a
system, as well as the increased cost of manufacturing and maintaining geometrical tolerances
associated with the manufacture of the internal features so many fuel injectors.
A pictorial view of the nozzle arrangement for the 49 point MLDI array is shown in Fig-
ure 2.1.
Figure 2.1: Perspective view of the Goodrich 49 point MLDI concept
7Around the same time as the 25, 36, and 49 point arrays, NASA developed a number of 9
point MLDI array concepts for research into MLDI combustion. Instead of relying solely on
experimental testing, which is relatively expensive, CFD began to be utilized for the design
of these MLDI systems. Computation analysis in Iannetti, A. , Tacina, R. (2001) utilized
NASA’s National Combustion Code (NCC) to predict the flowfield behavior of a 9 point MLDI
array. While the predictions at the time related to air only flowfield and reasonable comparisons
were made with experimental data, there were also some suggestions for improved methods,
including the need for better mesh resolution and improvements in turbulence modeling.
The corresponding experimental Laser Doppler Velocimetry (LDV) measurements for this
9 point MLDI was reported in Cai, J. , Jeng, S. , Tacina, R. (2001). The focus of these
experiments was to characterize the recirculation zones downstream of the injectors, as well as
observe the interactions between neighboring injectors.
In 2007, another 9 point MLDI array was tested at NASA Glenn Research Center, and
is reported in Hicks, Y. , Anderson, R. , Locke, R. (2007). This research was completed to
generate a database useful in the validation of the computational combustion models within
the NCC CFD code. A variety of experiments are presented including the first use of Particle
Image Velocimetry (PIV) within the combustion facility, which was performed using seeded
air-only experiments. In addition, many combustion measurements were conducted, including
planar laser-induced fluorescence (PLIF) and providing chemiluminescence methods for species
mapping.
The performance of this 9 point MLDI array is shown in Lee, C. , Tacina, K. , Wey,
C. (2007). This reference compares the 9 point MLDI array with the 25, 36, and 49 point
arrays. In addition, correlation equations are given for various arrays in order to be able to
compare data. These correlation equations are an important tool necessary to translate the rig
data to higher pressures and temperatures for which engines are designed.
2.3 Review of combustion test results for UTAS MLDI arrays and injectors
Following in the footsteps of the 1st and 2nd generation MLDI concepts, NASA continued
to solicit designs for a 3rd generation of multipoint combustor concepts. This program was
8part of the NASA ERA N+2 program, and three fuel nozzle manufacturers, Woodward Inc.,
Parker-Hannifin, and Goodrich, which is now United Technologies Aerospace Systems (UTAS),
in cooperation with NASA were tasked to design, build, and test MLDI arrays.
The UTAS MLDI array design is described in Prociw, L. A. , Ryon, J. , Goeke, J. (2012).
This publication lays a foundation as to engine conditions, geometric description, and a basis
to the analytical approaches which are found to be useful in the design of a MLDI array. These
designs and design techniques are explained in the subsequent chapters of this study, and so
they will only briefly be summarized here. There are three design elements of the UTAS MLDI
array that are improvements upon previous MLDI concepts.
The first design element of this UTAS MLDI array is the convergent combustor flowfield
setup by directing fuel injectors towards the cross-sectional centerline of the array. This com-
bustor design creates a flowfield in which is intended to give a very compact, yet highly operable
design.
The second design element of this array is that a fewer number of atomizers are needed per
engine than previous MLDI concepts. This fundamental shift makes the design more palatable
to engine manufacturers, both in terms of cost as well as a reduction in complexity. Whereas
some of the 1st and 2nd generation MLDI concepts would require up to 2500 atomizers per
engine, the UTAS MLDI array was designed to require approximately 100-250 injectors for a
future large engine, with mid-sized and smaller engines requiring fewer yet.
The third design element of the UTAS MLDI array is the focus on the individual mixing
characteristics of individual injectors Previous arrays injectors were all constructed of pressure
atomizers, which concentrate fuel along the center axis of the injector. During the design of
the UTAS MLDI array, the need for improved aeration of the fuel was discovered, leading to
the replacement of pressure atomizers with specially created airblast injectors. The airblast
injectors are superior at mixing fuel and air compared to the pressure atomizers that were
analyzed, and therefore produce much lower NOx. The specific design of these airblast injectors
is the focus of the current research.
Rig testing of the UTAS MLDI sector model at NASA Glenn Research Center CE-5 was
reported as Goeke, J. , Pack, S. , Zink, G. , Ryon, J. (2014) as well as Zink. G. , Ryon, J. ,
9Pack, S. , Goeke, J. (2014). This reference summarizes the measured emissions, which were
considered to meet the program goals of a 75% reduction in NOx over typical engines.
In order to determine the contribution of NOx formed by individual nozzles in the UTAS
MLDI design, individual flame tube testing was performed at the United Technologies Research
Center (UTRC) combustion test facility, as reported in Pack, S. , Ryon, J. , Zink, G. (2016).
The UTAS MLDI airblast injectors were tested to provide a baseline, and further concepts were
designed and tested in an attempt to further reduce NOx from the baseline injectors, which
was realized in some of the injector concepts.
Further injector designs were described and reported in Zink. G. , Short, J. , Ryon, J. ,
Pack, S. (2016). Interestingly, these new designs were all were additively manufactured,
which is currently a novel manufacturing process in the Aerospace industry. The conclusions
of this reference indicate that some of these additively manufactured atomizers performed
similarly to the conventionally machined airblast injectors. Most importantly, a conventionally
manufactured pilot pressure atomizer was also tested in this test regime. Although previous
computation evidence of the poor performance of pressure atomizers was discussed in Prociw,
L. A. , Ryon, J. , Goeke, J. (2012), the rig test measurements show indeed that the pressure
atomizers, due to their inherently poor mixing design, contribute approximately four times the
NOx compared to any of the airblast atomizer designs. This evidence suggests that alternative
designs for pilot injectors should be considered in future MLDI designs in order to reduce NOx.
However, it is important to consider that the pilot injectors may potentially provide advantages
in terms of operational stability and especially ignition characteristics when very little air is
available through an engine.
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2.4 Improvement opportunities for future MLDI arrays
Although the NOx measurements and associated correlated LTO Cycle NOx met the pro-
gram goals of the NASA N+2 program, it is believed that this design can be improved upon
to produce even lower NOx. Firstly, as discussed in Goeke, J. , Pack, S. , Zink, G. , Ryon,
J. (2014), there was an air leak into the combustor due to a poorly designed seal between
the combustor dome plate and the combustor liner. This air (approximately 10-15% of the air
through the system) bypassed the mixing nozzles causing inefficient mixing with the fuel. The
authors explain how this leads to unintentional poor mixing of fuel and air resulted in higher
NOx than what may have otherwise been achieved. Therefore, it is anticipated that if this
leak is fixed, the NOx produced by this UTAS MLDI system will be even lower than reported.
Secondly, it is shown in Zink. G. , Short, J. , Ryon, J. , Pack, S. (2016) that the NOx produced
by the pilot pressure atomizers is very high compared to the airblast injectors. Even though
only 10% of the fuel and air is delivered through the pilot injectors, this represents a large
portion of the overall NOx produced by the array. A third hypothesis on how to lower the NOx
associated with this MLDI array is to further improve upon the individual fuel injectors, which
is the intent of the current research. It may be possible given these improvements to reduce
the NOx to 95% below current regulations, which, if achieved, would represent a considerable
accomplishment.
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CHAPTER 3. METHODS AND PROCEDURES
Prior to describing the specific characteristics of the injectors under observation, it is neces-
sary to describe the analytical and numerical methods employed in such a study. The following
sections will describe some important details in the numerical analysis, including the physical
description, mesh generation, and solver specifics. Computational techniques and setup will
also be described.
3.1 Introduction
In order to properly simulate the characteristics of fuel injectors for design, consideration
must be given to a variety of topics. The first topic covered in this chapter is the physical
description. This section includes assumptions and approximations made in order to bound
the scope of the problem to a reasonable size that is suitable for design, analysis, and testing.
Subsequently, there is a section regarding computation analysis methods used throughout this
study. Again, special consideration is given to the assumptions that are present, especially
regarding the simplified physics which are necessary for industrial level simulations. A final
section describes validation against experiment, wherein the methods and potential sources of
error are presented.
3.2 Physical description
3.2.1 Geometry description
Ideally, one would prefer to model an entire annular combustor in order to capture all
of the dynamics and interactions between fuel nozzles. An artistic depiction of a full annular
geometry associated with the UTAS Multipoint Lean Direct Injection (MLDI) array is shown in
12
Figure 3.1, which shows a nozzle tip arrangement, and sectional view of a convergent combustor.
The combustor consists of 5 radially staged rows of injectors, a center row of pilot injectors,
surrounded radially inwards and radially outwards by rows airblast injectors. This image is
considered to be for artistic purposes only in that it only illustrates the general theme of the
concept and is not sized to any specific combustor diameter or relative number of injectors.
The sizing between nozzles, the diameter or the combustor shown, as well as a large number
of details such as fuel manifolding, combustor structure, cooling features, sealing devices, and
structural elements are not shown. All of these elements would need to, of course, be present
in a full design of a combustor, but the intention is to show the conceptual design.
Figure 3.1: Full annular combustor depiction of the UTAS MLDI concept
It is not impossible with the computational resources or experimental facilities available
today to model an entire combustor, and this type of analysis will certainly become useful on
a daily basis within the next decade. However, the time it currently takes for these detailed
simulations does not lead to rapid design cycles which are more beneficial to the design of
fuel injectors. One simplification can be made to simplify an entire annular combustor into
a representative angular sector. For a typical gas turbine combustor, a representative sector
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may consist of 1 to 5 traditional fuel injectors. Using this methodology, and since the MLDI
arrangement equates an array of 10 multipoint injectors to a single conventional injector, a
representative sector consisting of 10 injectors could be used. The geometry associated with
one representative sector of the MLDI array is shown in Figure 3.2.
Figure 3.2: Nozzle arrangement of a single computational sector, viewed from downstream
Due to the staggering of 2nd and 4th radial rows of injectors, the sector is not easily
divided in this type of array, and it would result in the splitting of the injectors in half,
which is not a good physical representation of the nozzles. Alternatively, the geometry could
instead be reduced to a single radial column of the 5 injectors as shown in Figure 3.3, by using
rotationally periodic sidewalls on the ends of the sector to represent neighboring injectors in
the array, similar to the analysis shown by Prociw, L. A. , Ryon, J. , Goeke, J. (2012).
The approach of dividing a full annular combustor into a smaller sector section also is
frequently used in experimental testing. The burner rig design and testing of the current
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Figure 3.3: Nozzle arrangement of a single radial column computational sector, viewed from
downstream
MLDI system has been accomplished using such sector rigs, for example Goeke, J. , Pack,
S. , Zink, G. , Ryon, J. (2014). While it is suitable to computationally represent the array
with a single radial column of injectors, this approximation would not be physically relevant
in an experimental array. Partial nozzle geometries would not be practical or useful, so at a
minimum, the injector pattern must be adjusted to fit only whole nozzles. In addition, the
side walls effects present in an experimental sector do not adequately represent neighboring
nozzles present in a full annular combustor. There are many other implications of using a
sector including nozzle to nozzle dynamics and annular recirculation zones, but all-in-all, these
sectors provide a greatly reduced cost to testing, and are therefore often used to prove out
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combustor designs. The MLDI combustor designed by UTAS in support of the NASA N+2
Program consisted of an array of 13 injectors which are equated to a single state-of-the-art fuel
injector but adjusted for end wall effects, as shown in Figure 3.4.
Figure 3.4: Nozzle arrangement of a single arc sector, viewed from downstream
A further approximation can be made to simplify design of an array. If the diameter of the
combustor is sufficiently large, the curvature can be considered minimal, such that a straight
sector could be used as seen in Figure 3.5. With this approximation, injectors located in the
innermost and outermost radial rows can be sized as equal, instead of needing to mass weight
the sizing to account for increased area in the combustor. Likewise, the 2nd and 4th radial
rows of injectors can also be sized the same.
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Figure 3.5: Nozzle arrangement of a single straight computational sector
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One final simplification used in the design of the individual injectors is to completely isolate
one injector at a time in a cylindrical downstream combustor volume, as shown in Figure 3.6.
In this particular MLDI array, the outer and intermediate airblast fuel injectors were designed
in such a way that they did not rapidly diverge, but instead maintained nearly cylindrical jet
issuing from the injector that persisted axially down through the combustor. While there is
certainly some influence of neighboring injectors and combustor liner walls, isolating a single
injector into a cylindrically shaped combustor turns out to be a reasonable approximation
that represents the behavior of one of these airblast injectors in the overall array of injectors.
This approach greatly reduces the physical domain necessary to study and design a single
representative injector, and is the approach taken throughout the present study.
Figure 3.6: Perspective view of a single nozzle in a cylindrical combustor
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3.2.2 Extent of interest
Now that the physical domain has been pared down in size to include only a single injector,
it is necessary to also bound the extent of physics which will be simulated. Limiting the physics
to involve only the most essential focus, in this case mixing characteristics of the nozzle, allows
a designer to rapidly design the fuel injector.
Although a very fundamental role of the fuel injector and associated combustor is combus-
tion of the fuel and air, this task of attempting to simulate combustion with the computational
resources available today is not trivial. This type of reacting simulation has been shown in
Prociw, L. A. , Ryon, J. , Goeke, J. (2012) to be extremely beneficial to fuel injector de-
sign. Reacting simulations have also turned out to be reasonably accurate Pack, S. , Ryon,
J. , Zink, G. (2016) and Zink. G. , Short, J. , Ryon, J. , Pack, S. (2016) when compared
with experimental emissions measurements, although in order to differentiate between nozzle
designs, even more accuracy is necessary. These simulations are limited by computer resources
as to the extent of mesh resolution, turbulence models, reaction mechanisms, and often use
only steady-state approximations to the flow equations. These limitations do not lead to rapid
design cycles and this type of simulation is not yet well suited for preliminary design of fuel
injectors. Instead, it is desired that an even more fundamental approach to studying the mixing
of fuel and air within the system could be used as a design tool, which is the current approach
within this study. Therefore, all simulations and experiments described herein are non-reacting,
in an attempt to bound the problem to a reasonable size, similar to the current approaches
taken during design of fuel injectors in the industry of today.
Furthermore, the breakup and atomization of liquid fuel is another area of keen interest
for modeling these types of systems. This behavior is important for many important areas
of design, such as ignition, low power performance and emissions, soot generation, and many
others. Similar to combustion modeling, this type of primary breakup modeling is beneficial,
yet also computationally expensive. Also, because the current topic of interest is primarily
with high power emissions, especially NOx, the atomization may not play as important of a
role as other physical characteristics. With these considerations, the present studies will not
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focus on the atomization processes, but more on the distribution of fuel in a bulk sense. This
focus is accomplished by studying multispecies simulations in the case of air and gaseous fuel
mixing, as well as multiphase simulations, where the grid is not adequate to properly resolve
atomization and breakup, but is intended to show bulk transport of fluid only.
3.2.3 Boundary conditions
Knowledge about injectors in their true operating environment is often limited due to
extreme environment (temperature and pressure) as well as cost of experimental rig and engine
testing. This difficulty in testing means that many best guesses are made about the inputs to
the problem, which can directly lead to errors. For example, the thermal growth of components
within the injector may be difficult to judge in preliminary design of an injector, leading to an
error in the estimated passage sizing between such components. Boundary conditions such as
the incoming velocity profile of the air which is discharged from the compressor guide vanes and
into the inlet of the fuel injector as well as the downstream disturbance caused by turbine vane
geometry may not be known during the design stage of the injector. It is therefore commonplace
in the design stage of such components to standardize inputs and approximations. One such
consideration is that the nozzles are fed by a common air plenum of constant, deswirled velocity,
as well as to assume that the passage sizes do not change too substantially as the components
thermally expand during operation. These approximations are recognized to be a potential
source of error.
3.3 Computational analysis
The primary method of analysis within this work is eddy-resolving computational fluid
dynamics (CFD). These high-fidelity simulations include detail geometry models, wall layered
meshes, and highly accurate computational models. These methods are described within this
section as are potential sources of error which are present within the simulations.
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3.3.1 Geometric scope
For the majority of simulations, a computational domain is used which encompasses a
nozzle geometry, upstream inlet section, and a constrained cylindrical volume downstream of
the injector. A sectioned view of this geometry is shown in Figure 3.7.
Figure 3.7: Cross sectional perspective view of the computational domain for cylindrically
constrained simulations
The atomizer geometries, located in the center of the image, are modeled as close to reality
as possible. For example, edges on the inlets to vanes or drilled holes are an area that is
very sensitive to geometric features. As such, the sharpness of this edge is modeled with
appropriately sized fillets or chamfers in order to capture the observed machined hardware.
Other features, such as passage heights and widths are machined to a high degree of accuracy
and thus are modeled at nominal dimensions of the specification. All features of the geometry
which are in the air stream are included, which encompass incoming fuel stems and heat shields.
However, the fuel passages and internal thermal insulation gaps are not included as they have
been found to have very little influence on the flowfield, except of course when multiphase
interactions are simulated, in which the appropriate passages are included.
As previously described, an assumption is made that the injectors are fed by a uniform
plenum of constant velocity. As seen in Figure 3.7, this incoming plenum flow is approximated as
the cylindrical portion of computational domain which extends upstream from the nozzle. The
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length of this cylindrical portion extends approximately 50mm from the nozzle, and the entire
end face of the cylinder is set to be a constant pressure inlet boundary, while the cylindrical
face is modeled as a no-slip wall.
The downstream geometry consists of a constraining cylindrical wall which is 38.1mm in
diameter and extends downstream about 115mm from the nozzle face. The flat end of the
cylinder located at the right side of the image is the outlet boundary for the flow.
Finally, the passages between the combustor and nozzle are modeled as closed, which prop-
erly represents the experimental comparisons where elastic seals are used to block any airflow
through these passages. In real combustor geometries, there is often a gap that exists between
the nozzle and the combustor dome plate. This gap is necessary in order to remove the nozzles
from the combustor for maintenance and inspection. In simulations trying to match combustor
results, it would be prudent to properly account this gap. Even if the gap has a cross sectional
height of only 0.1mm, the representative flow area when this small gap is translated around the
entire perimeter of the injector can be substantial. It is not uncommon for this total gap area
to be as large as the flowpath area of an inner or outer air circuit, which would be a substantial
source of error if not included properly in the model.
In addition to geometry which is constrained by this downstream cylindrical combustor, a
second type of geometry is also used in which the downstream section is open to a plenum of
constant pressure far from the nozzle. This much larger downstream domain represents the
flowfield created by the nozzle as it is flowing to atmosphere or at least a very large chamber.
The boundaries of this type of simulation are located very far from the nozzle to represent
experiments in which the boundaries are open to atmosphere in a lab environment. To deter-
mine the effect of downstream boundary conditions on the simulation, two domain sizes were
simulated. The first plenum domain, as shown in Figure 3.8, consists of a large inlet section, the
injector, and a large downstream domain. The upstream boundary is located approximately
44mm from the nozzle, and the downstream geometry consists of a cylinder which is about
150mm in length and 200mm in diameter. A second, larger plenum domain is shown in Fig-
ure 3.9. This is similar to the first domain, except the boundaries are moved even farther away
from the nozzle. This domain has an upstream inlet boundary which is approximately 100mm
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from the nozzle, and the downstream volume is a cylinder that is approximately 400mm in
diameter, and 400mm in length. In both of these domains, the nozzle sits within the conical
inlet dome plate and is sealed so that only the air passages through the nozzle are represented.
Figure 3.8: Cross sectional perspective view of the first computational domain with a large
downstream plenum
3.3.2 Mesh description
Throughout this research effort, three different mesh generation programs were used to
create the computational meshes: Ansys Mesher, snappyHexMesh and cfMesh. Of these three
meshers, cfMesh has been used most extensively, and is described in Juretic´, F. (2014). Each
of the listed meshers is very good at meshing the complex geometry associated with fuel injec-
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Figure 3.9: Cross sectional perspective view of the second computational domain with a very
large downstream plenum
tors. The primary goals in these engineering simulations are to produce highly accurate meshes
which conform to the underlying geometry models. However, it is also important to attempt to
minimize the cell count such that the simulations can be computed as fast as possible. These
goals require the ability to refine the mesh in regions of most importance. It is important that
the geometry associated with large pressure gradients and separation regions to be adequately
resolved. The mesh cells are most highly refined at the internal passages of the fuel nozzle,
especially at the areas of high curvature such as vane or air passages and leading edges. Addi-
tionally, it is desirable to include a layered mesh near boundaries to provide adequate accuracy.
While the regions near the surface of injector geometry must be fine enough to properly capture
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the geometry, it is also necessary to have enough mesh resolution in regions of high shear for
proper accuracy. For the simulations within this study, this area of interest begins slightly
upstream of the injector and extends downstream of the fuel injector but within approximately
50mm from the tip of the injector. In regions far from the nozzle, the mesh is generally coarser
in order to allow for efficient computations.
3.3.3 CFD solver description
All CFD simulations used OpenFOAM as described in Weller, H. , Tabor, G., Jasak, H.,
Fureby, C. (1998). OpenFOAM is an open-source CFD code which consists of a Finite Volume
solver for unstructured meshes.
Five individual solvers within OpenFOAM have been used within this research, pimple-
Foam, rhoPimpleFoam, reactingFoam, interFoam, and interDyMFoam. The pimpleFoam and
rhoPimpleFoam solvers are designed for transient, laminar or turbulent flows and is used for
simulation of airflow analysis of the injectors. The difference between the two is that the
rhoPimpleFoam solver is for compressible flows. The reactingFoam is a solver for solving com-
bustion with chemical reactions, but in the instances within this research, it is used only for
nonreacting mixing of gaseous fuel species with air. The interFoam solver is used to solve Vol-
ume of Fluid (VOF) multiphase simulations with an interface capturing approach to simulate
air and fuel behavior of the injectors. The last solver used, interDyMFoam, is also a VOF
solver used for multiphase simulations, but it includes an automatic dynamic mesh adaption
algorithm in order to refine or unrefine the mesh based on the phase interface. This dynamic
mesh refinement and unrefinement can be used to improve the interface capture without the
need to refine the mesh of the entire computational domain.
3.3.4 Turbulence modeling
A variety of turbulence models have been compared as part of this research effort. The
majority of simulations within this work utilize Detached Eddy Simulation (DES). DES is
described Durbin, P. A. , Medic, G. (2007) as a hybrid between Reynolds Averaged Navier
Stokes (RANS) and Large Eddy Simulation (LES). The DES formulation becomes RANS near
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boundaries, and eddy simulation away from these regions. This type of modeling is particu-
larly useful in complex geometry, where an LES mesh would require very fine mesh near the
boundaries, which can be costly both in terms of mesh generation and also computational time
needed for solution of the simulation.
The specific kωDDES turbulence model described in Rudra Reddy, K. , Ryon, J. , Durbin,
P. (2014). This approach has been found to work exceedingly well and has been used in a
majority of the simulations. For the use in compressible solvers, this model has been modi-
fied slightly. The modifications were primarily associated with incorporating ρ as a variable
within the solver. The incompressible pimpleFoam solver, solves for pressure divided by den-
sity, pρ . Therefore, ρ must be included where necessary for the compressible solver. Addition-
ally, the kinematic viscosity, νt, is replaced with dynamic viscosity divided by density,
µt
ρ , for
the compressible solver. A turbulent Prandtl Number, Prt, is added as it is required in the
rhoPimpleFoam compressible solver. The simulations are all considered to be only moderately
compressible as they primarily involve low Mach Numbers, M∞ ≤ 0.3. With this in mind, the
modifications made to the incompressible implementation are only for compatibility with the
compressible solvers and do not add any compressibility factors into the turbulence equations.
A turbulence model comparison of the kωDDES model compared with LES and RANS models
will be presented in a later chapter.
3.3.5 Operating conditions and fluid properties
As a direct point of comparison, two primary design points have been used for a majority
of the simulations within this research. The first operating condition corresponds to an engine
design point representing the environment within a combustor of a future large engine at target
takeoff condition. Inlet air pressure, temperature, viscosity, and density are representative of
conditions that would be issued from a suitable compressor. As stated earlier, as the intent is
only to look at the mixing characteristics of the injector, as well as fuel distribution. Therefore,
combustion is not simulated, nor is fuel atomization or breakup. When fuel is simulated, a
representative fuel flow rate is prescribed that represents the target conditions.
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A second operating condition corresponds to an atmospheric lab environment, as a point
of comparison and validation of the CFD simulations against experiments conducted by Pack,
S. , Ryon, J. , Zink, G. , Dvorak, D. , Goeke, J. (2013). Eddy-resolving computational results
are presented with an atmospheric downstream pressure. The appropriate operating conditions
are shown in Table 3.1. In this table, P3 is the pressure of air upstream of the fuel injectors,
T3 is the upstream air temperature, ∆PP3 is the percent pressure drop across the injector.
Table 3.1: Operating conditions
Condition Inlet Pressure Temperature Fuel Mass Flow Rate Pressure Drop
P3, MPa T3, K wf ,
kg
s
∆P
P3 , %
Engine Takeoff 6.079500 1000 0.0125998 4.0
Atmospheric Pressure 0.105546 298 0.0000000 4.0
According to each solver, and operating condition, fluid properties are specified. The ther-
mophysical properties of air used in rhoPimpleFoam simulations are a perfect gas approximation
with curve fits from Chase, M. , Davies, C. , Downey, J. , Frurip, D. , McDonald, R. , Syverud,
A. (2013), Sutherland’s law for viscosity from Sutherland, W. (1893), and the perfect gas
approximation for density as described in Anderson, J. (2001).
In the air-gas multispecies simulations solved using reactingFoam, gaseous CH4 is used
in addition to air and thermophysical properties for this species are similarly derived, and a
pure mixture model is used. For the multiphase properties used in interFoam, incompressible
approximations are used whereas the density and viscosity of air are calculated through curve
fits, and the liquid fuel properties are given to approximate aviation fuel. As such, these
properties for liquid fuel are a density, ρf=760
kg
m3
, and dynamic viscosity, µf=0.0009
kg
ms for
fuel at a temperature of Tf=298K. In both liquid and gas fuel simulations, the same mass flow
rate is given, as shown in Table 3.1.
27
3.3.6 Potential error sources
It is important to know the limitations of computational methods. In a research world
where time and computational resources are not strong factors, simulations can be extremely
accurate. However, in the case of industrial design, many approximations are made to improve
timeliness of design simulations, which is nearly always in stark competition with the accuracy
of the prediction. This dichotomy between timeliness and accuracy usually requires more
engineering judgment to get the most amount of knowledge about the product in the given
the constraints. It is therefore necessary to make many approximations within the context of
simulation of these fuel injectors, which leads directly into the description of the simulations
used within this study, in an attempt to characterize fuel injectors.
3.3.6.1 Geometric representation
The largest source of error that one faces when attempting to analytically simulate fuel
injectors is that the geometric model of the injector does not always reflect the true geometry
of the injector. Often times, physical features within the injector design, such as a fuel passage
or air swirler vane, can be very small, perhaps on the order of 250µm or smaller. While the
types of machining processes available for mass production of these components is extremely
precise, the tolerances, on the order of 25µm, allow for a 10% deviation between physical
features and model intent. Whereas it may be best to simulate the minimum and maximum
tolerances of every dimension, this is often times impractical, and therefore the current state
process is to model the nominal geometry with an eye towards capturing features which have
the highest effect of the flowfield.
3.3.6.2 Boundaries
Another potential source of error exists in choosing the proper domain and boundary condi-
tions. For example, if important geometry upstream and/or downstream of the injector under
observation is omitted, the simulation may not properly represent this real hardware. In partic-
ular, the velocity profile delivered by the compressor and diffuser upstream of the injector has
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been found to be an important aspect of the way the injector is fed. Also, downstream features
in the combustor play an important role in the flowfield created by the injector. As previously
described, the simulations within the present work represent the upstream and downstream
boundary condition as a constant pressure boundaries instead of the true geometry which con-
sists of upstream compressor diffusers and downstream turbine inlet vanes. It is also important
to include the effects of neighboring injectors, as well as the influence of the combustor walls
and cooling flows. Although all of these geometric features are necessary for a simulation which
properly represents the geometry, this can lead to a considerable amount of additional mesh
and therefore setup and simulation time required. These considerations should be recognized
as potential sources of error.
3.3.6.3 Nozzle specific features
There are many other important features which comprise the fuel injector itself, including
heat shielding to protect the fuel from internally coking Also, fuel feed tubes are necessary to
deliver fuel to the injector from a fuel manifold. Fuel distribution passages are present within the
nozzle envelope to distribute fuel prior to the final fuel slots. If any such components impeded
the airflow around the injector, these geometries should be included in the simulations, as they
are in the simulations within this work.
Additionally, there are many structural parts of the injector which are designed to hold the
injectors in place relative to the combustor such as feed arms and flanges. Other important
features within the system include seals, internal and external fuel manifolds. However, as they
are not as essential to the conveyance of air or fuel to the injector and do no influence the
physical mixing process, these will only be mentioned here, but not further described.
3.3.7 Simulation error sources
Industrial design analysis depends on the timeliness of simulations in order to make deci-
sions. Unfortunately, this means that it may be necessary to draw conclusions prior to complete
convergence of a solution. There is a large disparity of temporal scales present in the simu-
lations. Some scales are very fast, including very short times for highly turbulent mixing
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structures, which need to be resolved by a very small time-step, on the order of 1 µs. The
flowfield also contains many large yet slow movements, such as the tendency of the jets caused
by fuel nozzles to precess, or change the orientation of the rotational axis. These precessional
movements can happen in time-scales on the order of 1 ms, but sometimes have been known
to approach time-scales on the order of 1s. Unfortunately, in the industrial world, this often
leads to another best guess as to when to conclude a simulation in a reasonable amount of time
while trying to extract as much knowledge from the simulation as possible.
Another potential source of error regards the mesh resolution. It is not always feasible
to check for mesh independence, and thus the design engineer is tasked with balancing mesh
refinement with required solve time. As part of best practice rules, regions of importance for
mesh refinement are specified, while other regions are kept coarse to reduce the cell count. This
practice requires a certain amount of intuition, and is therefore understood to be a potential
source of error.
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CHAPTER 4. COMPUTATIONAL ANALYSIS OF AN AIRBLAST
INJECTOR
4.1 Introduction
By learning about an existing airblast injector, it is possible to use this knowledge and
improve upon it for future injector designs. It is the intent of this chapter to describe and
display the results of the numerical simulations for a single airblast atomizer used in the UTAS
Multipoint Lean Direct Injection (MLDI) combustor.
4.2 Background
The geometry under consideration in this chapter is the airblast injector from the outermost
radial row of injectors within the UTAS MLDI array. These injectors were designed by UTAS
as part of the NASA ERA N+2 program. The intent of these nozzles, as previously stated,
is to rapidly mix fuel and air in an effort to reduce NOx emissions, especially at high power
conditions such as during takeoff. The injectors and MLDI arrangement are described in
U. S. patents and patent applications (9,188,063, 13/665,568, 14/835,654, and 15/044,912)
as well a corresponding European patents and applications. Please reference the bibliography
section for further details concerning these patents.
4.3 Geometry description
A cross-sectional view plane of the geometry associated with a single airblast injector from
the array is depicted in Figure 4.1. Specifically, the injector which is studied belongs to the
outermost row of injectors in the UTAS MLDI array, but only differs from the intermediate row
of airblast injectors by the size of the air passages. In this image, the left side of the image is
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the upstream location which consists of a higher air pressure compared to the right side which
is the downstream side of the injector. The injector is fit into a combustor dome wall which
prohibits air from flowing directly from the upstream to downstream chambers except through
the interior of this injector.
Figure 4.1: Cross sectional perspective view of the airblast injector
4.3.1 Air circuit geometries
The circuit which is colored green in Figure 4.1 is referred to as the inner air swirler. This
circuit consists of multiple helical vanes which meter the air as well as impart a tangential
direction on the air that flows through the circuit. This particular inner air swirler consists of
10 helical vanes which form 10 individual air jets. The air vanes turn the air very aggressively,
such that the air jet exits the vane passage at an angle that is nearly a 60◦ in relation to the
axial direction. These vanes also meter the flow through the inner air circuit, which comprises
of nearly 40% of the air through the injector. Immediately at the exit of the vane passages,
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a confining wall, commonly named the prefilmer, constrains the air flowing through the inner
air circuit. This prefilmer wall is also the location for fuel injection, which will be described
momentarily. The prefilmer acts to confine the inner air jets from radially diverging, and
instead works to combine individual air jets from each swirler vane passage into a single hollow
annular jet. While contained, this annular jet retains its tangential (swirl) velocity component,
but once it is released into the combustor section, the tangential velocity would be expected to
be converted to a radially divergent flow.
A second air circuit, named the outer air circuit, is colored orange in Figure 4.1. This
circuit consists of an annular passage which is angled towards the centerline at an inward angle
of 20 degrees. This geometry produces a radially inwardly flowing hollow jet which consists of
approximately 60% of the air that is allowed to flow through the injector. The outer circuit
has 8 axially aligned vanes, which structurally secure the outer air cap to the injector body to
accurately maintain the annular passage size.
The inner and outer air circuits are designed to shear against each other in both axial and
tangential velocity components, which is intended to produce rapid mixing of the air with the
fuel, which is injected directly between these two co-axial jets of air. In addition, the radially
inward pressure from the outer air circuit is opposed to the radially divergent pressure from
the inner air circuit. These pressures nearly balance and result in a nearly cylindrical flow.
The area radially inside of the inner air swirler vanes and down to the central axis forms a
solid body, save for a few small air holes, which are colored blue in Figure 4.1 and contain less
than 5% of the air through the injector. This nearly solid body acts like a bluff body to the
flow, which creates a recirculation downstream of the body. The hollow annular air jet created
by the air swirler entrains flow from this separated region, thus recirculating hot combustion
products upstream along the central axis of the injector. The cooling holes along the central
axis of the inner air swirler are used to protect the surface from the intense heat of the reaction,
which often times can exceed the oxidation temperatures of even the high temperature metallic
materials from which the fuel injector components are made. This recirculation zone, which will
be illustrated in the subsequent computational results, is important for providing a stabilizing
source of heat back into the flowfield, which helps to maintain a stable reaction process.
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4.3.2 Fuel circuit geometries
The fuel circuit for this airblast injector is depicted in red in Figure 4.1 and shown in more
detail in Figure 4.2.
Figure 4.2: Cross sectional perspective view of the airblast injector with transparent inner air
circuit and focused on the fuel components
This circuit’s role is to meter the flow of fuel into the combustor, but also to distribute the
fuel around the circumference of the injector. This distribution is accomplished through helical
fuel slots which inject the fuel nearly tangentially to the annular prefilmer surface. While
helical fuel slots are not uncommon in fuel injectors, these particular fuel slots are very long
in length. Because of this length, a large pressure drop is taken along the length of the slot,
rather than attributed to entrance effects at the inlet of the fuel slots. The long fuel slots are
less sensitive to machining tolerances than the inlet edges on traditional slots, so this design
is intended to be allow for more consistent manufacturing. This manufacturing consistency
should lead to better uniformity when comparing individual slots, leading to a more uniform
flow of fuel around the circumference of the injector.
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As the fuel leaves from each one of the multiple fuel slots, it forms a jet of fuel which
continues to follow the circumference of the prefilmer until it meets up with the adjacent fuel jet.
Because the prefilming surface constrains the fuel from radially diverging, these independent jets
of fuel instead form a very thin film of fuel along the prefilmer surface. This film, depending
on the flow rate of fuel, is on the order of 25µm in thickness. The mass flow rate of fuel
determines the axial velocity of the fuel, which is on the order of 1m/s. The air from the inner
air circuit flows over the fuel film and starts to accelerate it while it is still confined by the
prefilming surface. The air has a much higher velocity (on the order of 60-100m/s), which
leads to breakup and atomization of the fuel sheet. Once past the tip of the prefilming surface,
the fuel and inner air meet with the outer air jet. The axial and tangential shear between the
inner and outer air is intended to continue atomization and breakup of the fuel film. As the air
temperature is much hotter than the fuel, the fuel begins to increase in heat until it evaporates
and the resulting gaseous fuel reacts with the air. The central recirculation zone transports hot
combustion products back upstream along the central axis of the injector. In turn, these hot
products are mixed with incoming fresh air from the inner air circuit, sustaining the reaction.
4.4 Computational analysis
Now that the design intent of the airblast injector has been described, computational anal-
ysis results are presented to verify that this injector behaves as designed. In addition, a series
of simulations to determine mixing characteristics and fuel distribution are presented.
4.4.1 Mesh description
As described in the previous chapter, the meshing software, cfMesh, has been used to
generated nearly all of the meshes used within these simulations. A typical mesh is shown
in Figure 4.3, which shows the entire domain that is simulated. Recalling from the previous
chapter, the intent of this mesh is to provide a highly accurate depiction of the underlying
geometry, with appropriate mesh resolution in regions of large pressure gradients as well as
shear regions. The mesh must also contain proper upstream and downstream extent so that the
boundary conditions do not adversely influence the computational results. A final consideration
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of the mesh must be that it is not overly populated, especially in regions of less interest in order
to provide efficient simulation times to allow for a rapid design cycle.
Figure 4.3: Mesh through a centerline slice
It is clear to see that the base cell regions, which exists in regions farthest from the nozzle,
are refined by subdividing the cells into smaller cells. This refinement is used to focus on areas
of interest, such as capturing the complex geometry within the nozzle passages, and also within
the areas of high shear. It is not uncommon to divide cells multiple times, in places up to 8 or
9 divisions are employed.
The region that contains most of the interesting flow begins about 25mm upstream and
extends about 50mm downstream from the nozzle face. This region is shown in Figure 4.4.
It is important that the mesh must be able to accurately adhere to the surfaces of the
geometry. This is not always a simple task for mesh generators, especially on complex geometry
such as this injector. The Cartesian cutcell mesh generated by cfMesh does conform quite well
to the underlying geometry. An example showing how tightly the mesh fits to complex geometry
is shown in Figure 4.5.
4.4.2 Turbulence modeling
All simulations within this chapter utilized an eddy-resolving kωDDES turbulence model as
described in Rudra Reddy, K. , Ryon, J. , Durbin, P. (2014) and in more detail in Rudra Reddy,
K. (2015). As previously described, this model was modify slightly for use with compressible
solvers. As a reminder, a comparison of this model, LES, and RANS models will be shown in
the next chapter.
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Figure 4.4: Mesh through a centerline slice showing area of interest
Figure 4.5: Mesh through a centerline slice depicting mesh adherence to complex geometric
features
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4.4.3 Airflow simulation results
Simulation of the airblast injector at the atmospheric pressure design condition stated in
Table 3.1 is shown. A slice through the center axis of the injector is shown in Figure 4.6 and
is clipped to include only a region approximately 25mm upstream and 50mm downstream of
the nozzle. The entire computational domain extends both upstream and downstream from
this region of interest, but in order to show the relevant physics as they relate to the nozzle
geometry, it is pertinent to focus only in the area directly surrounding the injector. These
results are from a compressible, air-only simulation using the rhoPimpleFoam solver.
Figure 4.6: Contours of mean velocity magnitude for an air-only simulation
Figure 4.6 shows the time-averaged mean velocity contours. The mean flowfield predicted in
this simulation closely relates to the design intent mentioned previously. The injector geometry
quickly accelerates the incoming low velocity flow through two separate air circuits, the inner
and outer air. These circuits form coaxial, hollow jets, which merge together as the flow leaves
38
the tip of the injector. It is observed that the velocity is quickly reduced from highest velocities
to low values after leaving the confines of the nozzle. This rapid reduction in velocity is evidence
of the shearing forces between the inner air and outer air.
Slices perpendicular to the axis are shown in Figure 4.7. In the first image, which is located
at the tip of the injector, the coaxial jets are separate, but they merge together as the flow
progresses downstream. The shearing between these jets allows for rapid reduction in velocities,
which is evidenced by the jets being nearly consumed by only 25.40mm downstream from the
nozzle face. It is anticipated that this high shear zone is capable of rapidly mixing the air with
fuel, as will be shown in subsequent simulations.
Another interesting artifact that in these images is the three-dimensionality of the flowfield.
The first slice plane, which is located at the exit of the nozzle, shows low velocity vane wakes
in both the inner and outer air circuits. As the flow progresses downstream, the higher velocity
zones between the vane wakes form into larger lobes.
Within the tradition of rich burn nozzle designs, it is common to try to remove any artifacts
of wakes or streaks within the fuel and air flows. The assumption has often been made that
unevenness in fuel results in unnecessary hot streaks, which, in turn, can be damaging to
combustor and turbine components. However, this may not be the case with lean nozzles such as
these MLDI airblast nozzles. In fact, these features may enhance mixing of fuel and air, similar
to the function of daisy mixers on the engine exhaust nozzles. It also has been hypothesized that
locally rich pockets of rich mixtures may help improve the operational stability of the injectors
by sustaining a flame at lower overall fuel to air mixtures. Further study is recommended
on these features to determine if the design should be modified to provide a more uniform
distribution of air, or if in fact these lobed features may be beneficial.
In either case, the nature of this flowfield is very three dimensional. The rapid changes in
velocity between axial slices, as well as the lobed features that are present show some of the
complexity in the flowfield. This multi-directionality inherent in the nozzle flowfields means that
it may be difficult to compare planar results, especially between experimental and numerical
results. This difficulty will be shown in the next chapter, but simply put, the flowfield is highly
sensitive to location and orientation of the measurement planes.
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(a) 0.00mm (b) 6.35mm (c) 12.70mm
(d) 19.05mm (e) 25.40mm (f) 31.75mm
(g) 38.10mm (h) 44.45mm (i) 50.80mm
Figure 4.7: Contours of mean velocity magnitude for an air-only simulation along slices per-
pendicular to the axis and distanced downstream from the nozzle face
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Contours of the time-averaged axial velocity are shown in a slice along the nozzle axis in
Figure 4.8, as well as on slices perpendicular to the axis, which are shown in Figure 4.9.
Figure 4.8: Contours of mean axial velocity for an air-only simulation
These values of mean axial velocity show an annular jet extending from the inner and outer
air circuits and proceeding downstream. This annular jet entrains air in the central low velocity
zone, which results in a recirculation zone at the central axis of the injector. Likewise, the flow
outside of the outer air jet is entrained into the jet, which causes an outer recirculation zone
in the corner of the cylindrical combustor section. These recirculation zones can be described
as similar in nature to a flow within a backwards facing step. Both recirculation regions are
believed to be important for combusting flowfields. Hot products of combustion are allowed to
recirculate near the injection location of fuel, resulting in a reaction where this heat source and
combustion radicals meet the incoming fuel, perpetuating the cycle.
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(a) 0.00mm (b) 6.35mm (c) 12.70mm
(d) 19.05mm (e) 25.40mm (f) 31.75mm
(g) 38.10mm (h) 44.45mm (i) 50.80mm
Figure 4.9: Contours of mean axial velocity for an air-only simulation along slices perpendicular
to the axis and distanced downstream from the nozzle face
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Contours of the time-averaged radial velocity are shown in a slice along the nozzle axis in
Figure 4.10, as well as on slices perpendicular to the axis, which are shown in Figure 4.11.
Figure 4.10: Contours of mean radial velocity for an air-only simulation
The radial velocities predicted within this flowfield are balanced between the inner and
outer air circuits. This means that the radially inward outer air circuit is nearly equal to the
radially outward air from the inner air circuit. This balance results in a cylindrical jet which
does not collapse, or over-expand.
The slices oriented perpendicular to the axis, as seen in Figure 4.11, show interesting mixing
patterns whereby the air from the inner air circuit is able to squeeze between the wakes in the
outer air circuit. This is particularly evident at locations around 6.35mm and 12.70mm from
the nozzle face. This is of particular relevance because the fuel injection site is located between
these two circuit. It is speculated that this pattern of inner air penetrating through the outer
air layer may cause a stretching and displacing the fuel, effectively enhancing mixing.
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(a) 0.00mm (b) 6.35mm (c) 12.70mm
(d) 19.05mm (e) 25.40mm (f) 31.75mm
(g) 38.10mm (h) 44.45mm (i) 50.80mm
Figure 4.11: Contours of mean radial velocity for an air-only simulation along slices perpen-
dicular to the axis and distanced downstream from the nozzle face
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Contours of the time-averaged tangential velocity are shown in a slice along the nozzle axis
in Figure 4.12, as well as on slices perpendicular to the axis, which are shown in Figure 4.13.
Figure 4.12: Contours of mean tangential velocity for an air-only simulation
The inner air swirler uses vanes to impart a tangential direction on the flow. Prior to
the inner air leaving the nozzle confines, it accelerates fuel that is located on the prefilming
surface, which distributes this fuel around the prefilmer. Without a confinement, this tangential
air would leave in a radial direction. However, the radially inward pressure from the outer air
confines the inner air. Instead of diverging, the inner air continues to shear tangentially against
the outer air. This shear is expected to enhance mixing of air and fuel. The high tangential
velocity of the inner air is quickly reduced due to the shear with the outer air, and is almost
completely by 25.40mm downstream from the nozzle face. The inner air eventually accelerates
the non-rotational outer air and the resultant combined flow has a small residual tangential
direction since the flow is constrained by the combustor.
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(a) 0.00mm (b) 6.35mm (c) 12.70mm
(d) 19.05mm (e) 25.40mm (f) 31.75mm
(g) 38.10mm (h) 44.45mm (i) 50.80mm
Figure 4.13: Contours of mean tangential velocity for an air-only simulation along slices per-
pendicular to the axis and distanced downstream from the nozzle face
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The flowfield associated with these fuel nozzles is very unsteady. The mean contours de-
scribed so far help to gain an appreciation of the general mean flow directions within the nozzles,
but the unsteady characteristics are also important, especially from a mixing standpoint.
As such, an instantaneous image of each of the velocity magnitude is shown in Figure 4.14
Figure 4.14: Contours of instantaneous velocity magnitude for an air-only simulation
From this image, it is clear there is a bias of the jet flowfield towards the top of the
confinement. In time, the entire coaxial jet appears to precess around circumference of the
cylinder, which results in the mean values which were previously shown in Figure 4.6. It is also
clear that there are many structures present in the flowfield, and these eddying structures are
useful for local mixing of the fuel and air.
The axial, radial, and tangential contours of instantaneous velocity are shown in Figure 4.15.
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Figure 4.15: Contours of instantaneous velocity components for an air-only simulation
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To display the temporal content of the flowfield, the turbulent kinetic energy (TKE) is
shown in a slice through the nozzle axis in Figure 4.16 and slices oriented perpendicular to the
axis of the nozzle are shown in Figure 4.17. As expected, the values of turbulent kinetic energy
are highest within the shearing zone directly downstream of the nozzle. This is the region where
the inner and outer air circuits meet and oppose each other in radial and tangential directions.
This highly turbulent zone is important to the mixing behavior of the nozzle, as long as fuel is
able to be transported into this zone.
Figure 4.16: Contours of turbulent kinetic energy for an air-only simulation
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The contours shown in Figure 4.17 again highlight the three-dimensionality of the flowfield.
The artifacts associated with the vane wakes of both inner and outer air circuits are visible
within the first 12.70mm. As the flow proceeds downstream, the turbulent kinetic energy
associated with the fuel nozzle peaks and begins to decrease, and by 38.10mm downstream of
the nozzle face, only small remnants of turbulent kinetic energy remain. If fuel exists in highly
unmixed concentrations at this point, it is surmised that the fuel nozzle flowfield will do little
to enhance the dilution of this mixture.
There is a slight asymmetry noticable in the turbulent kinetic energy profiles. There is some
amount of asymmetry of the underlying hardware due to the fuel stem which feeds the injector,
as shown as a blockage at the lower left corner of Figure 4.17. Also, there is a mismatched
number of vanes in the two circuits with 10 vanes in the inner air swirler, and 8 axially aligned
vanes in the outer air circuit. These asymmetries could be enough to bias the flowfield off-axis.
Another possibile explination of this asymmetry could be that the run-time of the simulation
is not adequate to properly converge the statistics. As previously mentioned, in the industrial
design world, it is often times impractical to run simulations to complete convergence. This
simulation was averaged for 0.026s which should be adequate to allow for time-averaging of the
small mixing time scales, or at least many through-flow times of the flow through the injector
passages. However, it may not be able to represent the statistics of the much slower precessing
motion of the flowfield. This is a fundamental problem with trying to simulate these types of
injectors where there are vastly different velocity and temporal scales present in the flowfield.
The assumption of convergence is therefore recognized as a potential source of error that could
be leading to the asymmetry noticed in this simulation.
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(a) 0.00mm (b) 6.35mm (c) 12.70mm
(d) 19.05mm (e) 25.40mm (f) 31.75mm
(g) 38.10mm (h) 44.45mm (i) 50.80mm
Figure 4.17: Contours of turbulent kinetic energy for an air-only simulation along slices per-
pendicular to the axis and distanced downstream from the nozzle face
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A qualitative means of showing the turbulent eddies and vortex structures within the sim-
ulations is to show contours of Q, the second invariant of the velocity gradient tensor, which
are greater than zero. These contours are shown, colored by instantaneous velocity magnitude
in Figure 4.18. It is important to note that the fine structures located near the nozzle do not
suddenly become large scales shortly downstream of the mixing zone. This is instead an artifact
of the coarser mesh in those regions further downstream of the nozzle that appears to make
these larger structures.
Figure 4.18: Contours of Q, colored by instantaneous velocity magnitude
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4.4.4 Multispecies analysis results
Now that the air-only flowfield has been simulated and described, it is pertinent to answer
the question as to how fuel might interact and be mixed by the air flowfield. As mentioned, the
intent is to use these simulations as design tools, and a full-fledged multiphysics reacting simu-
lation is not desired. Instead, a simplified approach is taken herein to represent the fuel and air
mixing only. By purposefully neglecting important processes such as atomization, evaporation
and combustion, it is possible to, with realistic effort, be able to use these simulations as a
design tool.
Although the fuel entering into the system is a liquid, at high pressures and temperatures
associated with the design point, it is quite likely that this liquid fuel is actually in a supercritical
state, which may behave somewhat like a very dense gas. If it is not in a supercritical state,
it is still likely to evaporate very quickly as it is rapidly heated. In either state, the process of
atomization may not be as much of a concern as it is would be at lower power conditions, such
as at an altitude relight, idle, or even ignition condition. Therefore, the simulation presented
herein makes an assumption that gaseous CH4 fuel is an appropriate surrogate for an evaporated
liquid fuel.
Many ground based gas turbine engines used for power generation are capable of easily
switching between CH4 and liquid fuel, as the energy content of the fuels are not too different.
The gaseous circuits within such nozzles employ much larger circuit sizes than corresponding
liquid circuits due to the much smaller densities for gaseous fuels compared to liquid fuel. Due
to this density difference, in the following simulation, using gaseous CH4 as the fuel and keeping
the small passage sizes would result in very high velocities through the fuel passages. These
high velocities would be acceptable, except for the fact that the time step would need to be
exceedingly small in order to maintain an adequate Courant Number for simulation stability.
This restriction limits the effectiveness for being a design tool.
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In order to reduce the effect of this limitation, the geometry is changed in order to reduce the
fuel velocities. Recalling the intent of the liquid circuit design, it was stated that the plurality
of fuel slots were angled nearly tangentially to the circumference of the preflimer diameter. This
design is to be able to spread liquid fuel all the way around the circumference of the preflimer,
forming a very thin annular film of relatively low velocity compared to the velocity of air from
the inner air circuit to which it is exposed. With this intent in mind, a simplification is made
to inject a film of gaseous fuel in the same geometric area where the liquid circuit is intended.
However, instead of modeling the liquid slots, the gas is assumed to be already distributed
uniformly around the circumference, and having only an axial component of velocity. This
approximation may or not be adequate in representing the true behavior of the liquid circuit,
but as a design tool, it has the advantage of a simplistic boundary condition, and does not
limit the time step to very small values.
The air temperatures and pressures are set to the engine design point as described in
Table 3.1, as is the mass flow rate of fuel. As the energy content of the gaseous fuel is similar,
the mass flow rate specified is adequate for to use for this simulation. In reality, there is
certainly enough of a difference between fuel that in a full design procedure, these differences
would require more consideration. However, as the current intent is to study mixing at an
academic level, using a the same value of mass flow rate for both liquid and gaseous fuel will
allows consistency which is useful for comparison of various designs.
54
Strong similarities can be seen when comparing the results of this multispecies simulation
with those from the previous air-only simulation. The flowfields from both simulations will
be compared and contrasted in order to determine the influence of the fuel on the flowfield.
Figure 4.19 shows the resulting time-averaged values of velocity magnitude.
Figure 4.19: Contours of mean velocity magnitude for a multispecies simulation
It is useful to compare the flowfield velocities to the previous air-only simulation results,
shown in Figure 4.6. Due to a difference in the air temperature and density, the velocity scales
are quite different. However, looking qualitatively, many similarities exist, which confirm the
suspicion that the air-only flowfield can be used to adequately describe the overall trends of
this simulation as well. The fuel has relatively low velocity and momentum, and therefore is
at the mercy of the air to mix and distribute throughout the cylindrical combustor section.
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The mean axial velocities shown in Figure 4.20 exhibit a similar flowfield compared to
the previous air-only simulation results. The general trend of a the axial component shows
the combination of the outer air jet and inner air jets forming into a single hollow jet which
entrains air from both inside and outside of the jet. This entrainment of air forms the inner
recirculation zone as well as the corner recirculation zones. A very small region of moderate
axial velocity is visible along the circumference of the prefilming diameter, which is the surface
directly between the inner and outer air circuits. This increase in velocity is caused by the
injection of gaseous fuel into this zone.
Strong comparisons are also evident in the radial velocity component evident with the air-
only simulation results. The exception to this similarity is the region near the fuel injection
location, which is now active. This zone shows a slight radial component to the velocity in the
direction towards the central axis of the nozzle, due to the injection of gas.
Unsurprisingly, the tangential velocity component is also very similar over the domain
compared with the air-only results. The injection of gaseous fuel was specified in a complete
annular film without any tangential component. However, this injection does not appear to
have any substantial implications on the rest of the flowfield.
The comparisons made with the previous air-only simulations serve to reaffirm the usefulness
of such air-only simulations. Because the air flowfield is dominant within these types of airblast
injectors, a large amount of knowledge can be gained from the simple airflow simulations. These
can therefore be used effectively in lower level screening simulations to filter out inadequate
designs prior to introducing the more computationally expensive multispecies simulations.
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Figure 4.20: Contours of mean velocity components for a multispecies simulation
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The benefit of the multispecies simulations is strongly evidenced in looking at the ability
of the air to mix with fuel. As previously mentioned in regards to the description of the air
flowfield, the evidence of mixing characteristics presented by a nozzle are only useful if fuel is
capable of being in this injection zone.
As fuel is injected directly into the mixing zone of the current atomizer under evaluation,
the resulting mixedness of this fuel by the air is shown by looking at the contours of mass
fraction of CH4, as seen in Figure 4.21. This figure has been clipped to a maximum value of
0.05 to be able to see the details of mixing within the mixing region of the injector. The mass
fraction at the injection point is 1.0, but is able to be quickly diluted by air.
Figure 4.21: Contours of mean CH4 mass fraction for a multispecies simulation
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As the image shows, this design allows for fuel to be transported directly into the region of
highest mixing, which efficiently mixes it with air. The most striking evidence of this mixing
can be seen in the slices perpendicular to the axis as seen in Figure 4.22. According to this
simulation, the initial injection of fuel, which is injected as a hollow annular jet between the
inner and outer air jets, is shown at the 0.00mm plane. As the fuel progresses downstream from
the injector face, the fuel jet becomes lobed, as was evidenced by the underlying air flowfield.
This lobed nature leads to several rich pockets of fuel which progress downstream to around
19.05mm. The air flowfield continues to dilute these rich pockets of fuel, until nearly all of the
fuel is mixed with air. The simulation predicts that a nearly homogeneous mixture of fuel and
air is achieved at an axial distance of approximately 25.40mm from the nozzle face.
It must be remembered that fuel and air are consumed as part of the combustion process, but
that this non-reacting simulation does not represent this. Therefore, there is uncertainty as to
when the species are consumed, which should be accounted for when considering and comparing
the mixing characteristics of nozzles. Despite this uncertainty, this type of simulation appears
to be a very useful tool to determine the mixing strength of a nozzle design. As a design tool,
various geometries could be simulated and determine in a quantitative nature the effectiveness
of each design. One such design study for this particular injector would be useful to determine
the effects on the mixing by reducing the size of the wakes caused by vanes in the inner and
outer air passages, as discussed previously.
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(a) 0.00mm (b) 6.35mm (c) 12.70mm
(d) 19.05mm (e) 25.40mm (f) 31.75mm
(g) 38.10mm (h) 44.45mm (i) 50.80mm
Figure 4.22: Contours of mean CH4 for a multispecies simulation along slices perpendicular to
the axis and distanced downstream from the nozzle face
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As the instantaneous velocity contours suggested in the previous air-only simulation, it is
anticipated that a high degree of unsteadiness is likely to be found in the mixing of fuel and
air as well in the present simulation. This unsteadiness can be visualized by looking at the
instantaneous contours of CH4 mass fraction as shown in Figure 4.23, as well as the usual slices
along axial locations as shown in Figure 4.24.
Figure 4.23: Contours of instantaneous CH4 mass fraction for a multispecies simulation
Large regions of unmixed fuel can be seen both along the centerline of the injector as well as
in the upper region of the injector beyond the mixing zone. Recalling the exponential nature of
NOx creation with the increase in temperature, it is important to note that even instantaneously
rich pockets of fuel and air mixture can pose a higher than desired value of NOx pollutant.
The rich pockets within the centerline recirculation may be beneficial for operational stability,
especially at lower power conditions, as these will tend to feed back hot products into the
reaction zone, sustaining the reaction. The more troubling occurrence of rich zones are those
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that are located beyond the reach of the mixing zone. Once these wisps of fuel have escaped
the mixing region, it is becomes unlikely that they will be able to be mixed with air, other
than by the diffusion process. Keeping in mind that this simulation is nonreacting and does
not allow the species to be consumed, it is still likely that future designs would improve if this
characteristic is not shown.
The axial slices continue to show the three-dimensionality of the flows. It is particularly
interesting to see that the fuel around the 12.70mm slice is largely skewed towards the bottom
right side of the image. This may be further evidence that weaknesses caused by vane wakes in
the outer air circuit may allow rich streaks of fuel to persist outside of the mixing zone. These
rich streaks, even if only instantaneous, do not seem desirable.
Despite the uncertainty associated with the non-reacting nature of this type of simulation,
many valuable insights can be learned through this process. It is considerably less computation-
ally expensive than a reacting simulation. It also is an improvement over air-only simulations
in that it simulates the transport of fuel by the air as well as by quantifying the mixing ability
of the injector. Therefore, it is recommended that this type of simulation can be useful, par-
ticularly in the preliminary design stages of these multipoint lean direct injection fuel nozzles.
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(a) 0.00mm (b) 6.35mm (c) 12.70mm
(d) 19.05mm (e) 25.40mm (f) 31.75mm
(g) 38.10mm (h) 44.45mm (i) 50.80mm
Figure 4.24: Contours of mean CH4 for a multispecies simulation along slices perpendicular to
the axis and distanced downstream from the nozzle face
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4.4.5 Two phase analysis results
The final analysis used to characterize the airblast injector qualities is a multiphase simu-
lation using OpenFOAM’s interFoam solver. This simulation uses the Volume of Fluid (VOF)
approach to capture the interface between the liquid fuel and air. This simulation was con-
ducted using airblast injector at the atmospheric pressure design condition stated in Table 3.1.
As part of this analysis, the mesh was especially refined near the injection location of fuel into
the flowfield, where the interface of liquid fuel This refinement region exists from the exit of
the three fuel slots and extends axially along the prefliming surface. Given that the density of
liquid is many times that of air, and the relatively small flow rate of fuel compared to air, an
extremely thin film of fuel is expected to form along the surface of the prefilmer. This fuel is
expected to film because the fuel is injected nearly tangentially to the surface of the prefilmer,
which holds the film along the surface. In addition, the air also provides a radially outward
pressure on the fuel to maintain it’s surface flow. The axial component of flow in the liquid is
quite slow compared to the air, and as such, the air accelerates the liquid. This acceleration
thins the liquid film further as well as causes surface waves which cause the film to form into
ligaments and eventually atomized droplets.
The refinement in the mesh along these filming surfaces is fine enough to be able to represent
this very thin film. However, as this is intended to be a design simulation, the mesh resolution
is limited to only a few cells across the thickness of the film, this only partially representing
the film. Additionally, this mesh is quickly coarsened soon outside of the confinement of the
nozzle. As the intent of this simulation is only to determine the initial distribution of fuel and
not attempt to predict breakup or atomization, this savings of mesh is useful for reducing the
computational cost associated with many fine cells. This coarse mesh is not able to capture
the liquid interface once the liquid leaves the tip of the prefilming surface.
The resulting liquid interface is shown in an isometric view in Figure 4.25 as well as from a
side view of the injector in 4.26. These images show the threshold of time-averaged αfuel with
values greater than 0.15, which is useful for depicting the liquid interface. It is clear to see the
fuel through the helical fuel slots and a cylindrical film forming along the surface of the prefilmer.
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While the film appears to form completely around the prefilmer of the injector, it appears from
the time-averaged results that there are three streaks of fuel which form corresponding to the
three fuel injection locations. These streaks can be visualized by the voids of reduced fuel
between the higher concentration streaks. As this simulation was used for design purposes, it
is possible that a longer simulation time over which the results are averaged may yield a more
fully developed film.
Overall, this injector produces a very thin film. This film is exposed to the inner and outer
air streams and ultimately is allowed to breakup and atomize, as well as provide an elongated
surface for fuel to be evaporated, mixed, and combusted.
Figure 4.25: Isometric perspective view of threshold of mean αfuel greater than 0.15 for a
multiphase simulation
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i
Figure 4.26: Perspective view of threshold of mean αfuel fuel greater than 0.15 for a multiphase
simulation
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4.5 Summary and conclusion
Within this chapter, the airblast injector designed for use in the UTAS Multipoint Lean
Direct Injection (MLDI) combustor array was analyzed by high fidelity eddy-resolving CFD.
The design intent of this nozzle was presented, with importance given to the interactions of
the inner and outer air jets. Simulations were presented, which included air-only simulations,
multispecies analysis, and multiphase simulations. The air-only analysis provides insight into
the flowfield, especially for this airblast injector where the air is largely responsible for the
transport of fuel into the combustor section. Multispecies simulations are useful in quantifying
the ability of the injector to mix fuel and air. Finally, the multiphase analysis, although not
resolving the atomization process of liquid droplets, does describe the liquid film within the
confines of the injector.
The analysis of this injector provides a benchmark to which other injector designs can be
compared. Specific opportunities to improve upon this injector were identified along the way.
As the air-only and multispecies simulations show, the wakes associated with vanes on the
inner and outer air circuits may be able to be reduced. This change would create a more uniform
jet of air which does not allow for rich pockets of fuel to persist as far into the combustor. On
the other hand, the lobes caused by the vane wakes was discussed as a means of enhancing
mixing. The liquid fuel injection of this style fuel distributer was able to completely film
around the circumference of the prefilming surface. However, it was noted that there are some
uniformities in the film which may be able to be improved as well.
Some of these recommendations are evidenced in the combustion testing of single injectors.
The design of the various injectors tested by Pack, S. , Ryon, J. , Zink, G. (2016) and Zink.
G. , Short, J. , Ryon, J. , Pack, S. (2016) focused heavily upon reducing the air wakes in
both the inner and outer air circuits, as well as attempting to improve initial fuel distribution.
These injectors were able to achieve an even lower emissions of NOx than was measured for the
airblast injector described in this chapter. However, more analysis of their individual features
should be analyzed before complete conclusions should be drawn from this evience. All in all,
the airblast injector studied herein functions exceedingly well as a mixer of fuel and air.
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CHAPTER 5. VALIDATION OF COMPUTATIONAL RESULTS FOR
AN AIRBLAST INJECTOR
5.1 Introduction
It is the intent of this chapter to describe and display the experimental measurement data
associated with the airblast injector described and analyzed in the previous chapters. These
measurements are compared to previous experimental results as well as numerical results. A
comparison of various turbulence models are presented and assessed in their ability to represent
the experimental data. In addition, a study of mesh dependence as well as domain size is
presented.
5.2 Description of UTAS experiments
In order to validate the models employed within the analysis described in the previous
chapter, it is pertinent to compare the resultant analytical results with experimental test mea-
surements. Air-only PIV results from Pack, S. , Ryon, J. , Zink, G. , Dvorak, D. , Goeke,
J. (2013) are referred to as UTAS PIV.
In this experiment, a cross-sectional measurement plane is used which begins at the exit of
the nozzle. A measurement area of approximately 40mm by 40mm was used, with the center of
the measurement plane located approximately at the nozzle centerline. This region encompasses
most of the mixing region associated with the airblast injector. There is a high degree of
uncertainty associated with the orientation of this measurement plane, as the orientation and
location were manually located. This uncertainty is described by three factors and are described
here as alignment uncertainties. The first of these alignment uncertainties is the orientation of
the measurement plane with respect to the true centerline of the injector. Errors associated with
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this angle could present an artificial skewness resulting in a perceived widening or narrowing of
the flowfield further from the face of the injector. A second alignment uncertainty is a distance
off of the centerline of the nozzle. This type of error would result in a narrower flowfield, as
well as exaggerated features within the flowfield. The third major alignment uncertainty is the
orientation of the measurement plane to nozzle features. Referring back to Figure 4.6, a cross-
sectional slice through the center axis of the injector is shown. If this cross sectional plane is
fixed along the axis but rotated around the circumference of the nozzle, it would slice differently
through the downstream flowfield. For example, if a high velocity jet, or low velocity vane wake
was present in initial measurement plane, it would be different in this new cross sectional plane.
This three-dimensionality of the flowfield is more evident when comparing the flow structures
from a slice perpendicular to the axis, such as those seen in Figure 4.7. There is no alignment
specified between the experimental results and computational domain, and therefore should be
given a great amount of understanding when any of the following comparisons are drawn.
5.3 Numerical setup
In an effort to validate the flowfield predictions, a number of numerical simulations are
presented. These simulations were similar to those described in the previous chapter with a few
differences, described here. The first difference is the physical size of the downstream domain.
As these simulations are intended to be compared directly to the experimental measurements,
the physical size of the downstream chamber is not constrained by the cylindrical combustor
section used in the simulations of the previous chapter. Instead, a large downstream section
was used, as is depicted in Figure 3.8. For comparison purposed, the figures have been cropped
to show only a region of interest which is 40mm by 40mm. This matches to the extent captured
by the experimental measurements, but more importantly is the primary mixing region of the
nozzle. In addition to a different downstream chamber size, numerous turbulence models were
utilized in order to determine the best match to experimental data. The numerical results,
most of which were presented in Rudra Reddy, K. , Ryon, J. , Durbin, P. (2014), show how
widely varying the results can be, dependent solely on one’s choice of turbulence model.
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5.4 Validation versus experimental data
The results of the experimental measurement as well as simulations are shown in the fol-
lowing Figures. In all comparisons, the size of the domain and velocity scales are identical.
All of the cross sectional planes are shown with the nozzle exit being located on the left
side of the image with the flow progressing towards the right of the image.
Contours of velocity magnitude are shown on a cross sectional slice through the centerline
of the nozzle in Figure 5.1. In the UTAS PIV measurements, there is a low velocity core that
appears much narrower and does not open radially. It is possible that the UTAS measurement
plane may be located slightly off axis, resulting in a narrow low velocity region along the
centerline. As the angle between the measurement planes are not specified in regards to any
nozzle features, it is very likely that the two measurement planes do not correspond to the
same flowfield features. This explains why the high velocity regions look somewhat different
from each other.
Giving attention to the numerical results, it is clear to see widely varying flowfields. The
DDES model of Rudra Reddy, K. , Ryon, J. , Durbin, P. (2014) and Dynamic Smagorinsky
LES model proposed by Lilly, D. K. (1992) give very similar results which compare very well
with the PIV measurements. For the RANS models, the Realizable k from Shih, T. H. , Liou,
W. W. , Shabbir, A. , Yang, Z. , Zhu, J. (1995) appears most like the PIV results. The kω
SST model as described in Menter, F. R. (1993) performs reasonably, although not quite as
good as the previously mentioned models. The RNG k model of Yakhot, V. , Orszag, S. A. ,
Thangam, S. , Gatski, T. B. , Speziale, C. G. (1992) does not perform well, as seen by large
overshoots in velocity, likely caused by too little numerical viscosity. The LES results using the
original Smagorinsky simulation is likely too coarse to be effective for this type of simulation.
The axial velocity contours along the centerline slice are shown in Figure 5.2. The DDES
simulation as well as the Dynamic LES are in good agreement with the PIV results. The RANS
simulations again do not perform as well in this component of velocity. A caveat should be
made about these axial sections: contours in axial planes are sensitive to alignment errors.
As the plane cuts through the circumferential pattern of jets, the contours change. Also, the
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size of the central low speed core will vary if the plane is not exactly centered. Hence, some
discrepancies between simulation and experiment may be due to experimental uncertainty.
Contours of mean radial velocity are compared in Figure 5.3. The alignment error is ac-
centuated in these plots, where the PIV results are quite different, and neither has the same
degree of symmetry as seen in the numerical results. Despite this misalignment, the DDES and
Dynamic LES again compare favorably with the HiPR PIV measurements.
Contours of mean tangential velocity are compared in Figure 5.4. As this component is
the out of plane component, it is anticipated that PIV may not be as accurate, especially in
the regions of highest velocity, where the seeded particles may pass quickly through the light
sheet without being captured. This may be why the DDES or Dynamic LES numerical results
contain a larger region of peak tangential velocity than the PIV data. Slightly downstream
from these peak regions, the experimental measurements and numerical results more closely
match each other. Recalling the design of this airblast injector, the regions of highest shear are
located radially outboard of this region of highest tangential velocity where it meets with the
strong axial velocity. The PIV measurements are also less accurate in regions of high shear,
and appear to be more diffused in these regions. A thinner laser source coupled with a higher
resolution or zoomed in cameras may be able to better capture these regions of highest shear.
However, these measurements fall within the desired accuracy level necessary to show a good
agreement between the PIV measurements and DDES or Dynamic LES simulations.
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(a) PIV UTAS (b) DDES
(c) LES Dynamic Smagorinsky (d) kω SST (e) k Realizable
(f) k RNG (g) LES Original Smagorinsky
Figure 5.1: Contours of mean velocity magnitude
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(a) PIV UTAS (b) DDES
(c) LES Dynamic Smagorinsky (d) kω SST (e) k Realizable
(f) k RNG (g) LES Original Smagorinsky
Figure 5.2: Contours of mean axial velocity
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(a) PIV UTAS (b) DDES
(c) LES Dynamic Smagorinsky (d) kω SST (e) k Realizable
(f) k RNG (g) LES Original Smagorinsky
Figure 5.3: Contours of mean radial velocity
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(a) PIV UTAS (b) DDES
(c) LES Dynamic Smagorinsky (d) kω SST (e) k Realizable
(f) k RNG (g) LES Original Smagorinsky
Figure 5.4: Contours of mean tangential velocity
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The UTAS PIV measurements contained a second measurement plane, located at 12.70mm
downstream of the nozzle face, and oriented perpendicular to the axis. Again, alignment is-
sues are potential sources of error, especially when considering how much the flowfield can
vary with slight axial positional errors. However, this perspective gives a good idea of the
3-Dimensionality of the flowfield. In particular, looking at the contours of mean velocity mag-
nitude shown in Figure 5.5, it is easy to understand how the previously discussed axial section
slices can vary significantly depending on the angle relative to the nozzle features. A slice
which cuts vertically through these planes could easily intersect with the highest velocity jets,
whereas even a 5-10 degree rotation of this plane would position the slice directly through the
low velocity wake regions. Comparing the contours of velocity magnitude on this perpendic-
ular slice plane, good agreement is seen between the DDES, Dynamic LES, and UTAS PIV
results. Particular features, such as the 8 lobed jet, which corresponds with the 8 jets created
by vanes in the outer air passage, comparable well. While the kω SST model compared well in
the cross-sectional slice, the jet lobes appear to have dissipated with this model compared to
others in this perpendicular slice. Both RNG k and Realizable k models have 9 or 10 lobes
instead of 8, which misrepresents the flowfield. This higher number of lobes likely correspond
with the 10 jets created by the 10 inner air vane passages, or a combination of the 8 outer jet
and 10 inner jets.
The velocity component contours are shown in Figure 5.6, Figure 5.7, and Figure 5.8, respec-
tively. These contours show similar comparisons to those made previously. One particularly
interesting plot is the mean radial velocity contours, in Figure 5.7. The interaction of the inner
air jets squeezing between the outer annular jets is an interesting characteristic of the flowfield.
It is hypothetical that this type of lobed flowfield may stretch and fold the fuel sheet located
between the two air circuits, thus leading to enhanced mixing. On the other hand, if the wakes
caused by the struts in the outer air circuit are too much of a deficit, they may allow fuel to
be pushed out between the jets, escaping the mixing zone. One of the primary design goals of
some of the nozzles reported in Pack, S. , Ryon, J. , Zink, G. (2016) were aimed at reducing
the vane wakes on both the inner and outer air jets, and so it is suggested that future studies
of the effects of wakes in the air streams should be closely considered.
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(a) PIV UTAS (b) DDES
(c) LES Dynamic Smagorinsky (d) kω SST (e) k Realizable
(f) k RNG (g) LES Original Smagorinsky
Figure 5.5: Contours of mean velocity magnitude
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(a) PIV UTAS (b) DDES
(c) LES Dynamic Smagorinsky (d) kω SST (e) k Realizable
(f) k RNG (g) LES Original Smagorinsky
Figure 5.6: Contours of mean axial velocity
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(a) PIV UTAS (b) DDES
(c) LES Dynamic Smagorinsky (d) kω SST (e) k Realizable
(f) k RNG (g) LES Original Smagorinsky
Figure 5.7: Contours of mean radial velocity
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(a) PIV UTAS (b) DDES
(c) LES Dynamic Smagorinsky (d) kω SST (e) k Realizable
(f) k RNG (g) LES Original Smagorinsky
Figure 5.8: Contours of mean tangential velocity
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In order to directly compare the results of the experimental and computational simulations,
circumferentially averaged velocity profiles are plotted in Figure 5.9. These plots are extracted
from the slice plane located at 12.70mm downstream of the nozzle face. The time-averaged
values of axial, radial, tangential velocity components as well as the velocity magnitude are
circumferentially averaged for a given radial distance from the center axis of the nozzle. Ad-
ditionally, individual components of velocity are further compared and shown in Figure 5.10.
These quantitative comparisons show that bulk of the flow depicted in the experimental mea-
surements lies slightly inboard of those predicted in the computational simulations. The radial
component appears to show the most discrepancy, however it is important to note that the
magnitude of this component is very small compared to the magnitude of the other compo-
nents. The other components match reasonably well, but with a general trend that the CFD
results represent a slightly wider flowfield. It is again prudent to remember that a slight shift in
axial location or misalignment in the angles of the experimental data can result in large changes
in the velocity profile as this is a very active portion of the flowfield. In addition, there may be
some slight differences between the modeled geometry and the experimental geometry, such as
slight rounding of leading edges of the swirler vanes, which could plausibly shift the flowfield
in this manner. With these caveats, the simulations match well compared to the experimental
measurements.
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(a) PIV UTAS (b) DDES
(c) LES Dynamic Smagorinsky (d) kω SST
(e) k Realizable (f) k RNG
(g) LES Original Smagorinsky
Figure 5.9: Circumferentially averaged velocity profiles at a slice 12.70mm downstream from
the nozzle face
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(a) Mean velocity magnitude (b) Mean axial velocity
(c) Mean radial velocity (d) Mean tangential velocity
Figure 5.10: Circumferentially averaged velocity profiles at a slice 12.70mm downstream from
the nozzle face
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5.5 Mesh dependence and domain size study
Another computational aspect of interest is the dependence of the solution on the mesh. As
these simulations are intended for industrial design, it is not always practical during the design
process to determine if the solution is independent of the mesh.. To determine the effects of the
mesh size and refinement regions, simulations on two additional computational meshes were
computed and are compared herein to the DDES atmospheric simulation previously described.
In addition to different mesh sizing and refinement regions, the far-field boundaries are also
studied. The boundary conditions imposed on these boundaries are set to be constant pressure.
With this type of boundary condition, if the boundaries are located too close to the nozzle,
they may inadvertently influence the solution.
For reference, the case described previously and shown in the DDES case in Figure 5.1 will
be referred to as ”Case 1”. The domain extent of this solution was shown in Figure 3.8. The
second case, ”Case 2” has a similarly sized domain. A third case, ”Case 3” has a much larger
computational domain, and is shown in Figure 3.9.
Although the domain extent of the first two simulations are similar, the meshes are very
different. These meshes are shown in Figure 5.11. The mesh used in Case 1 was generated
without any layers along boundary regions. It is composed largely of hexahedral cells which were
revolved around the center axis or swept through air passages. In regions of complex geometry,
tetrahedral meshing was used. This mesh was used in the turbulence model comparisons. There
are approximately 12 million cells in this mesh, which is relatively coarse.
The mesh used in Case 2 was generated using the Cartesian cutcell method which was
used for the majority of simulations. This mesh consists of refined regions near the nozzle and
coarser meshes near the outlet boundaries. In addition, a layered mesh is used on walls within
the injector. This layered mesh is not fine enough to be considered a boundary layer mesh, but
does provide some additional refinement near the boundary regions. As it was generated using
the Cartesian cutcell method, nearly all of the cells are hexahedral, with a few polygonal cells
in transition areas. The mesh used in Case 2 has approximately 27 million cells.
The Case 3 mesh is similar in nature to Case 2, but with a much larger downstream domain.
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The layers close to the nozzle geometry surfaces are further refined in Case 3 compared to Case
2, and the fine mesh in the region of interest slightly upstream and downstream of the nozzle
extends further into the computational domain. The mesh density and refinement in the mesh
in Case 3 is very similar to the majority of cases shown in the previous and next chapter. Case
3 mesh has approximately 90 million cells.
(a) Case 1
(b) Case 2
(c) Case 3
Figure 5.11: Cross sectional view of meshes used for a mesh comparison study
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For comparison, air-only simulations of the atmospheric condition shown in Table 3.1 have
been computed. These simulations all use the kωDDES model. Contours of mean velocity
magnitude are shown in an axial plane in Figure 5.12 and a plane perpendicular to the axis
at 12.70mm downstream in Figure 5.13. These figures have been clipped to the same region
of interest which extends 40mm downstream of the nozzle face. Although these simulations
do not match exactly, the comparison is favorable. Certainly, the general flowfield structure
is similar between all three meshes, although a few minor differences can be seen. The main
coaxial jets appear similar in structure, and the central recirculation zones are very similar in
size. In the plane perpendicular to the axis, the number of lobes in each simulation is 8, which
compares well with the previous experimental results. The jet structures in this plane on the
finer meshes are slightly more diffused than in the coarse mesh. A comparison of Case 2 and
Case 3 shows that the location of the downstream boundary does not have a noticeable effect
on the flowfield in this region of interest.
(a) Case 1 (b) Case 2 (c) Case 3
Figure 5.12: Contours of mean velocity magnitude for three different meshes
5.6 Summary and conclusion
In summarizing the experimental and numerical comparisons, it is important to remember
that positional errors in the measurement planes can lead to largely different velocities. That
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(a) Case 1 (b) Case 2 (c) Case 3
Figure 5.13: Contours of mean velocity magnitude for three different meshes
makes it essential to have data in both axial and radial planes. With this consideration in mind,
there are some very good comparisons between numerical predictions and experimental mea-
surements. The DDES and Dynamic Smagorinsky LES models both appear to be consistently
superior to the other turbulence models tested, and are recommended for use with these types
of flowfields. In particular, all components of velocity match extremely well the UTAS PIV
measurements. This confidence in accurately obtained by matching atmospheric experimental
data means that a higher degree of confidence is also instilled into other numerical predictions
using the same methods. As engine conditions are extremely difficult to measure experimen-
tally, this confidence in numerical analysis is extremely valuable, and with this confidence,
these numerical tools continue to be absolutely necessary to the design of fuel injectors and
combustion systems. The eddy resolving methods, LES and DES, provide turbulence fields that
enable mixing to be studied, and show an improved comparison with experimental measure-
ments compared to RANS. DDES will be used for the design studies in the following chapter.
In addition, while the solutions are not completely independent of the mesh, the solution on
three unique meshes is not substantially different. The downstream boundary also does not
have a noticeable effect on the solution in the region of interest. The validations in this chapter
give some confidence in the CFD modeling.
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CHAPTER 6. DESIGN AND ANALYSIS OF A NOVEL FUEL
INJECTOR
6.1 Introduction
This chapter is about the design of a novel fuel injector. This injector has been designed to
be an improvement over the previously described airblast injector. This chapter will emphasize
the unique geometric features of this design, as well as characterize the flowfield which is
predicted through computational simulations. These characteristics will be compared to the
previously described airblast injector.
The injectors features of this novel injector are described in U. S. patent applications
(15/044,912, and 15/044,814) as well as corresponding European patent applications. Please
reference the bibliography section for further details concerning these patents.
6.2 Background
The main characteristic of the injectors described in this study is the ability for them to
mix fuel and air rapidly. This is accomplished through two mechanisms: i) fuel preparation
and placement, and ii) intense air mixing jets.
6.3 Geometry description
The basic premise of this novel injector is that if the initial surface created as fuel is injected
into the air can be increased in area, then mixing of these two fluids will also be increased. This
section describes the geometry of the injector which produce the flowfield desired to mix the
fuel with the air. Figure 6.1 shows a perspective view of the nozzle which has been designed
with this increased mixing in mind, and will be further described in the following sections.
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Figure 6.1: Perspective view of the novel injector
This injector can be decomposed into three radial rows of cylindrical passages, through
which all of the air flows. The innermost (green) and outermost (orange) rows of holes are
referred to as the inner and outer air circuits, respectively. Between these two air circuits is a
row of cylindrical air passages. This is the location where fuel is injected, therefore these will
be referred to as the fuel jet circuit.
Figure 6.2 is a section view showing the three air circuits and the fuel circuit.
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Figure 6.2: Perspective sectional view of the novel injector
6.3.1 Design methodology
The fuel from the original airblast injector is described as a thin cylindrical film of fuel
created by injecting the fuel around the inner diameter a large cylindrical filming surface (pre-
filmer) by a series of small fuel slots which are oriented nearly tangential to the circumference
of this prefilmer.
In order to increase the mixing of fuel and air, the novel injector fuel circuit is designed
to further discretize the fuel into many smaller films, rather than a single liquid film. This is
accomplished by dividing the fuel into a series of smaller films around the injector. As depicted
in Figure 6.3 and more detailed in Figure 6.4, each of the fuel jet passages in the central row
consists of a central column of air (colored blue) which flows from the upstream side of the
injector (left side of image) into the combustor (right side of the image). Each of these air jets
is circumferentially surrounded by an individual fuel circuit which is colored red.
To compare this new fuel preparation method to the previously described airblast injector,
it is helpful to estimate the amount of fuel which is exposed to air. Recalling that in the
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Figure 6.3: Transparent perspective view of the novel injector
case of the airblast injector, the interface between fuel and air can be approximated as being
proportional to the surface area of a cylindrical fuel sheet, taking into account that both radially
inside and outside of the sheet are exposed to air. Thus the exposed film area, Af,1, can be
approximated as being proportional to twice a finite length of the cylindrical film, dx, times
the circumference of the film, Cf,1, which in this instance related to the diameter of the airblast
prefilmer, Df,1.
Af,1 ∝ 2× dx× Cf,1 = 2× dx× pi ×Df,1 (6.1)
In the novel injector, there are now Nf,2 thin cylindrical fuel sheets, one for each fuel jet.
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Figure 6.4: Transparent perspective view of the novel injector, zoomed on fuel jets
Each cylindrical film has a diameter equal to the fuel jet hole diameter, Df,2. In similarity to
the airblast injector, the exposed film area, Af,2 can be approximated as being proportional to
twice the same finite length of the cylindrical film, dx, times the circumference of an individual
fuel jet, Cf,2, times the number of fuel jets, Nf,2.
Af,2 ∝ 2× dx× Cf,2 ×Nf,2 = 2× dx× pi ×Df,2 ×Nf,2 (6.2)
The diameter of a circle which intersects the center axis of each fuel jet hole, Df,2,pattern is
set to be very close to a similar sized airblast injector, Df,1. If each of these fuel jet holes is
directly touching the adjacent holes in the pattern, there can be a maximum number of holes,
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Nf,2,max. However, for practical reasons, the jets cannot be completely touching since there
must be at least a wall of minimum thickness, tf,2, between each fuel jet, which requires a slight
debit for this wall thickness must be accounted for.
Nf,2,max = pi × Df,2,pattern
Df,2 + tf,2
(6.3)
Substituting this into the area equation gives the maximum amount of exposed film area,
Af,2,max ∝ 2× dx× Cf,2 = 2× dx× pi2 × Df,2,pattern ×Df,2
Df,2 + tf,2
(6.4)
which reaches an upper limit if the wall thickness, tf,2, is very small compared to the
diameter of the fuel holes, Df,2,
Af,2,max ∝ 2× dx× Cf,2 = 2× dx× pi2 ×Df,2,pattern ∝ Af,1 × pi (6.5)
However, there are currently limits which restrain the minimum size allowable for fuel pas-
sages which are acceptable. The first reason is that very small fuel passages are susceptible
to clogging and carbon growth within the fuel. In addition, it is currently practical to expect
±25µm machining tolerances on these sized features. Therefore, to maintain unblocked pas-
sages, as well as to have consistently manufactured components, it is advised that a practical
minimum passage size limit of 250µm should be maintained. Of course, as manufacturing tech-
nology and fuel preparation technology continues to advance, these limits may be reduced or
disregarded in future years. Some enabling technology that is on the horizon are fuel stabiliza-
tion units which remove dissolved oxygen from the fuel and deter carbon growth, alternative
fuels which may not be as susceptible to carbon growth, and advances in machining technolo-
gies and additive manufacturing which may allow for improved part tolerances. However, for
the current study, these limits are reasonable.
With these practical limitations in mind, the specific dimensions used in the novel atomizer
under study are given in Table 6.1
These parameters result in the novel injector having approximately twice the film surface
area Af,2 compared to Af,1.
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Table 6.1: Dimensions for the novel injector passages
Description Symbol Airblast Injector,n=1 Novel Injector,n=2
Diameter of prefilmer / fuel jet hole Df,n 20mm 1.73mm
Diameter of a circular fuel jet pattern Df,n,pattern N/A 17mm
Number of fuel jets Nf,n 1 20
Thickness of wall between fuel jets tf,n N/A 0.65mm
Surface area of film exposed to air Af,n 125mm 244mm
Cross sectional area of a single fuel slot Af,n,slot 0.0903 m
2 0.0645m2
6.3.2 Fuel circuit geometries
Similar to the airblast injector, the fuel is injected through one or more fuel slots in a nearly
tangential direction around the circumference of each fuel jet to prepare a fuel film. However,
instead of an inner air swirler, the center of the fuel jet passage consists of a single jet of air,
surrounded by the fuel circuit.
A sectional view of the fuel jet passage is shown in Figure 6.5. The air enters from the
upstream end of the fuel jet passage (left side of the figure) and the fuel enters around the
fuel cavity located approximately midway down the passage. Similar to the way the fuel film
in the previously described airblast injector meets with the inner air jet, the fuel in this novel
injector leaves the fuel cavity and is exposed directly to the air jet, which accelerates the fuel
film causing breakup and atomization of the fuel as it enters into the combustor.
In this novel injector, only one fuel slot per fuel jet is required to adequately film around
the circumference of each fuel jet. However, if the cross sectional area of the fuel slot, Af,2,slot,
is sized too large compared to the amount of fuel through the slot, then the fuel velocity exiting
from the jet will not be adequate to fully film the fuel around the fuel jet. The cross sectional
area of the novel injector slots multiplied by the number of slots is approximately 4.75 times
the cross sectional area of the airblast injector. This sizing may lead to incomplete filming
around each fuel jet during some low flowing operating points. However, because the number
of injection points is increased from 3 to 20 for the novel injector, it may not be detrimental to
performance at these conditions as the fuel is still partially distributed around the circumference
of the injector.
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Figure 6.5: Sectional view of the novel injector, with emphasis on a fuel jet profile
It is hypothesized however that there will be improved performance of the novel injector at
medium and high fuel flow rate relative to that of the airblast injector. Considering a medium
flow operating point in the airblast injector, the fuel from one slot in the airblast injector issues
from the fuel slot and films one third of the distance around until it runs into the next fuel
jet. After the jets merge, there is no more room to continue to film, so any additional fuel
only thickens the fuel sheet. With the same moderate fuel flow, the novel injector is expected
to continue filming a longer distance around the circumference of the fuel jet until the point
where it meets back up with itself. However, since Af,2 = 2 × Af,1, the film will be only half
as thick as the airblast injector, which should lead to improved mixing and atomization of the
fuel.
Another design feature of this injector is that in order to encourage the fuel to film com-
pletely around the circumference of the fuel jet, there is a recessed cavity which shelters the
fuel from immediately being accessed by the air jet through the center of each fuel jet. This
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fuel cavity can be seen in Figure 6.6 and in greater detail in Figure 6.7 and is colored red
surrounding the blue air jet. This cavity is fed by the long fuel slot oriented tangentially with
the outside wall of the fuel cavity.
Figure 6.6: Sectional view of a fuel circuit and surrounding fuel cavity
This design allows the available fuel pressure to force the fuel to follow this outside wall of
the fuel cavity which is protected from the perpendicular air flow through the center of the jet.
The outer wall of this cavity spirals gradually towards the center, allowing even distribution of
fuel as it surrounds the air jet. As the fuel completely fills the cavity around the circumference
of the fuel jet, it finally spills over the edge and is then exposed to the air stream moving
through the fuel jet passage, which accelerates the fluid flow.
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Figure 6.7: Sectional view of a fuel circuit and surrounding fuel cavity focused on a single fuel
jet
6.3.3 Air circuit geometries
The fuel and air mixture which leaves the fuel jets is further mixed by the inner and outer
air jets. These air jets are intended to further atomize, distribute, and mix rapidly and directly
with the fuel leaving the fuel jets. In another similarity to the inner air circuit of airblast injector
previously described, the pattern of 10 inner air jets is designed to deliver a large tangential
component to the flow. The fuel jet circuit is also oriented to give a tangential component to
the air, but not as much as the inner air. Lastly, the outer air circuit is similar to the airblast
injector in that the 20 passages are axially aligned with an inwards radial component but no
tangential component. These features are visualized in the transparent view of the injector in
Figure 6.8.
This combination of highly tangential inner air, moderately tangential middle air-fuel jets,
and radially converging outer air is intended to create a similar axial and tangential shear be-
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Figure 6.8: Transparent view of the novel injector viewed from a downstream location
tween the radially innermost air and outermost air, to rapidly mix and distribute the fuel which
is injected through the air-fuel jets. The high swirl inner air also sets up a central recirculation
zone, similar to the airblast injector, which recirculates air, fuel, and hot combustion products
upstream along the centerline of the nozzle, which is intended to produce a stable flame.
Another unique feature of this novel injector is in the design of the air passage profiles of
the inner and outer air. One such air profile from an outer air circuit jet is shown, colored
orange, in Figure 6.9.
The cylindrical air passages are specifically shaped to increase the turbulent kinetic energy
available for mixing the fuel very close to the exit of the jets. The upstream entrance to the
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Figure 6.9: Sectional view of the novel injector, with emphasis on an outer air jet profile
air passage is generously radiused to reduce inlet edge separations, and about midway down
the profiles contains a radial backstep within the jet passage which enhances the turbulence
within the air streams. Similar to the outer air passage, the inner air passages have a backstep
profile, which is shown in Figure 6.10 and colored green.
99
Figure 6.10: Sectional view of the novel injector, with emphasis on an inner air jet profile
It is the design intent of this diffuser design that the jets issued from the air passages will
begin to rapidly and turbulently break up. This behavior allows the air to spread out and mix
with more fuel in close proximity to the passage exit rather than punching through the fuel in
a smaller coherent jet, with the intention of generating more rapid mixing.
6.4 Computational analysis
The computational methods described in the previous chapters, were used to simulate flow
in the novel injector. Based on the validation studies, the DDES model was used. These simula-
tions are intended to compare and contrast the flowfields and mixing characteristics associated
with the novel injector with the results of the airblast injector simulations previously described.
In addition, simplified models of the unique features of this novel injector are presented in two
model simulations. These simulations are used to illustrate the fluidic behaviors of the air jet
turbulent backstep as well as the novel fuel prefilming features.
100
6.4.1 Mesh description
A mesh for the novel injector has been generated using cfMesh. This mesh, shown in
Figure 6.11, consists of similarly sized cells and regions of refinements are the mesh used for
the airblast simulations.
Figure 6.11: Mesh through a centerline slice
The region of interest is the same extent as that of the airblast injector, namely from
approximately 25mm upstream to 50mm downstream of the nozzle face. This region is shown
in Figure 6.12.
The mesh conforms well to the specified geometry, which is particularly impressive consid-
ering the complexity of the features. There are a few regions, especially in the microscopic fuel
passage features, where the specified mesh was too coarse for the geometry. In these regions,
the penalty is that features modeled with sharp edges are actually represented with blunted
features in the mesh. These features are not anticipated to conversely effect the results of the
simulations, and are therefore deemed acceptable.
Figure 6.13 shows the details of the mesh in some very intricate geometric regions, and how
tightly the mesh conforms to this complex geometry.
101
Figure 6.12: Mesh through centerline slice showing area of interest
Figure 6.13: Mesh through a centerline slice depicting mesh adherence to complex geometric
features
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6.4.2 Airflow simulation results
Simulation of the novel injector at the atmospheric pressure design condition stated in
Table 3.1 is shown. This simulation is intended to compare and contrast the novel injector’s
flowfield with that previously described for the airblast injector.
Figure 6.14 shows the time-averaged mean velocity contours.
Figure 6.14: Contours of mean velocity magnitude for an air-only simulation
The novel injector has some similarities with the airblast injector which was previously
described. Predominately, a coaxial jet issues from the air passages of the nozzle and extends
downstream from the nozzle face, in a relatively cylindrical shape. This jet forms a large central
recirculation zone, as well as an outer corner recirculation zone, both of which are similar in
nature to the airblast injector.
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In contrast to the airblast injector, the high velocity jet formed by the novel injector is even
more quickly dissipated. The jet is mostly dissipated within approximately 20mm of the nozzle
face which corresponds to 20% reduction in length compared to the airblast injector’s jet.
This rapid reduction in velocity is shown in slices perpendicular to the axis, as shown in
Figure 6.15.
These contours are particularly interesting very near the nozzle tip at the 0.00mm location.
Closer examination details the individual jets which emerge from the drilled hole passages.
These cylindrical jets quickly mix with neighboring jets and squeeze into a single annular jet.
Due to the relatively high surface area for each individual jet, it is hypothesized that fuel
surrounding these air jets should be entrained more quickly than would be the case in a single
annular jet. Further investigation shows the wavy edges of the surface between the radial rows
of jets, which may help to further wrinkle and fold layers of fuel between the layers of air,
thus further increasing surface area for mixing of fuel with the air. It is important to notice
the wakes between the outer air jets. This could be beneficial for increasing the mixing area
between the air jets and fuel locations, but alternatively, it may allow fuel to be squeezed
between the outer air jets. This parameter of the number of holes and the size of holes is an
important design parameter which should be studied closer in a more detailed design exercise.
As the flow progresses downstream, these jets quickly form into a single annular jet, which is
quickly dissipated due to the high shear.
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(a) 0.00mm (b) 6.35mm (c) 12.70mm
(d) 19.05mm (e) 25.40mm (f) 31.75mm
(g) 38.10mm (h) 44.45mm (i) 50.80mm
Figure 6.15: Contours of mean velocity magnitude for an air-only simulation along slices per-
pendicular to the axis and distanced downstream from the nozzle face
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As expected, the time-averaged axial velocity component, shown in Figure 6.16, shows
similar characteristics to the airblast injector flowfield. Specifically, the central recirculation
which is capable of bringing hot recirculation products back to the face of the injector is
similarly sized, as well as the extend of the outer recirculation zone. The highest zones of axial
velocity in the flowfield of this novel injector are more focused near the nozzle face instead of
persisting far downstream, suggesting a more compact mixing zone.
Figure 6.16: Contours of mean axial velocity for an air-only simulation
The contours of mean axial velocity plotted along slices perpendicular to the axis are shown
in Figure 6.17. A slightly smaller diameter of the central recirculation zone is evidenced around
the 12.70mm location when compared to the airblast injector. The axial components also show
that the majority of the mixing zone is dissipated within 20mm of the nozzle face. After this
mixing zone is reduced in strength, the majority of the axial flow shifts outwards toward the
outer wall of the cylindrical combustor and persists downstream to the exit.
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(a) 0.00mm (b) 6.35mm (c) 12.70mm
(d) 19.05mm (e) 25.40mm (f) 31.75mm
(g) 38.10mm (h) 44.45mm (i) 50.80mm
Figure 6.17: Contours of mean axial velocity for an air-only simulation along slices perpendic-
ular to the axis and distanced downstream from the nozzle face
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The contours of radial velocity are shown in Figure 6.18. The outermost row of jets in the
novel injector imparts a radially inward pressure which is comparable to the outer air circuit in
the airblast injector. The inner air circuit of the airblast injector, as one may recall, consists of
an air swirler which imparts a tangential direction on the flow, without any radial component
present. However, once the inner air circuit of the airblast injector leaves the constraint of the
nozzle, this tangential direction is converted to a radially outward direction. The novel injector
differs slightly from the airblast injector in these regards, as the inner air circuit consists of
both radial and tangential directions. However, once the air flowing through the inner air jets
leave the confines of the nozzle, the tangential components are not constrained, except by the
outer air. Thus, the net effect of radial and tangential components is very comparable between
the two nozzles. The middle row of air jets is oriented to have a neutral radial component, thus
splitting the difference between the convergent outer row and divergent inner row of jets.
Figure 6.18: Contours of mean radial velocity for an air-only simulation
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Slices oriented perpendicular to the axis are shown in Figure 6.19. Most importantly, the
plane located at 0.00mm, that is just at the face of the nozzle, shows a very intricate weaving
pattern. This is a very interesting feature of the nozzle, whereby the inner air jets are oriented
radially outward, and the outermost jets are radially inward. These jets are discrete in the fact
that there is a wake between each jet of air. As the outer row of jets converges towards the
centerline, the middle and inner jets squeeze radially outwards between the wakes. Another
perspective is that the wakes between the inner jets allows for the outer radial jets to squeeze
inward through the inner air. This passage of one jet next to another jet causes a very intricate
folding of the flowfield. This folding is hypothesized to allow for very deliberate mixing of fuel
that is present around the air jets.
The amount of fuel which is allowed to pass between the outer air jets could be considered
in a future detailed design study. As soon as the fuel is allowed to leave the mixing zone, it
would not be able to be deliberately mixed with air due to the mixing jets. Instead, it would
instead depend on diffusion to mix this fuel with air. Additionally, the corner recirculation
zones in this cylindrical combustor may be different than the behavior of this type of injector
in a multipoint injector array, and the amount of fuel which is present outside of the fuel nozzles
either be beneficial for maintaining a stable flame, or perhaps poor for emissions. Either way,
it is again suggested that the containment feature of the outer air jets should be given a closer
look in future detailed design studies. Further parameters which could be studied include the
number and spacing of air jets in the outer air circuit, but also the size of holes, convergence
angles of the holes, as well as the radially outward angle of the inner and intermediate rows of
jets, which can be reduced to reduce the outward pressure which would drive the fuel through
the outer air jets. The ability for mixing fuel and air is considered in the next section regarding
the multispecies simulation, but the details of this mechanism are shown within this air-only
simulation.
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(a) 0.00mm (b) 6.35mm (c) 12.70mm
(d) 19.05mm (e) 25.40mm (f) 31.75mm
(g) 38.10mm (h) 44.45mm (i) 50.80mm
Figure 6.19: Contours of mean radial velocity for an air-only simulation along slices perpen-
dicular to the axis and distanced downstream from the nozzle face
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The time-averaged tangential component of velocity is shown in Figure 6.20. The tangen-
tial velocity of the novel injector is not as strong as that produced by the airblast injector,
particularly close to the exit of the inner air circuit. This is due to the radial orientation of the
air jets in the novel injector opposed to the purely tangential direction in the airblast injector.
Figure 6.20: Contours of mean tangential velocity for an air-only simulation
Figure 6.21 shows a tangential shear between inner, middle, and outer air jets. As the
inner row of jets has the highest tangential direction, it is able to shear with the middle row
of jets, which has a reduced component in this swirl direction. Similarly, as the outer row of
jets has no tangential component, this opposes the moderate swirl of the middle row of jets.
As can be seen from the axially spaced slices, the tangential component of velocity is quickly
dissipated and is nearly nonexistent by 12.70mm downstream from the nozzle face, suggesting
that any tangential velocity has been either used for mixing, or is converted largely to a radial
component of velocity by this location in the flowfield.
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(a) 0.00mm (b) 6.35mm (c) 12.70mm
(d) 19.05mm (e) 25.40mm (f) 31.75mm
(g) 38.10mm (h) 44.45mm (i) 50.80mm
Figure 6.21: Contours of mean velocity magnitude for an air-only simulation along slices per-
pendicular to the axis and distanced downstream from the nozzle face
112
As discussed in the previous chapters describing the airblast injector analysis, the instanta-
neous components of velocity show another dimension to the mixing capabilities of the injector.
Figure 6.22 shows a very intense high velocity region close to the nozzle tip, but additionally
illustrates the velocity fluctuations present in the flowfield.
Figure 6.22: Contours of instantaneous velocity magnitude for an air-only simulation
Figure 6.23 shows a behavior consisting of large off-axis fluctuations, in which the bulk of
the flow shifts off axis in a helical mode and rotates around the central axis. These unsteady
characteristics are similar in nature to that seen in the airblast injector, particularly in the
large eddying structures produced by the nozzle.
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Figure 6.23: Contours of instantaneous velocity components for an air-only simulation
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Turbulent kinetic energy contour plots are shown in Figure 6.24. In contrast to the turbulent
kinetic energy plots shown in Figure 4.16, the flowfield produced by the novel injector exhibits
the strongest peaks very close to the nozzle face. This is an important feature due to the profile
of the air jets, which are designed to diffuse the air jets in order to begin mixing with fuel
immediately upon departure from the confines of the nozzle. The intent of the novel injector
flowfield being able to mix immediately at the face of the injector is seen in the turbulent
kinetic energy contours, whereby the highest values are present directly at the face of the
injector, and continue through the mixing zone until approximately 20mm downstream from
the face. Conversely, the turbulent kinetic energy plots associated with the airblast injector
show the highest amounts of mixing energy available further downstream, with a peak around
12.70mm and continuing until about 25mm from the injector face.
Figure 6.24: Contours of turbulent kinetic energy for an air-only simulation
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The axially located slices are shown in Figure 6.25. As described earlier by the analysis of
the velocity components, the intermixing between inner, middle, and outer air jets produce a
large shear. This shear introduces an energetic flow which, which is seen especially clearly at
the 0.00mm axial location. The energetic inner and outer air jets, due to their diffusive nature,
produce a highly unsteady flow, which are capable of rapidly mixing with fuel, which is injected
around the circumference of the middle air jets. The contours shown at 0mm downstream of the
injector face show that the highest values of turbulent kinetic energy are available immediately
as the air jets leave the injector. This is a feature of the diffuser shaped air jet passages, which
allow for the fully turbulent jets to immediately access and mix with fuel. Another potential
parameter which can be studied in future detailed parametric studies of this type of injector
is the size of the backstep present within these air jet passages, and its effect on turbulent
kinetic energy. The current design allows these jets to be useful for mixing with fuel that
is present directly outside of the nozzle face without penetrating too deep into the flowfield
without mixing. As the flow progresses downstream from the nozzle face, the highest values of
turbulent kinetic energy available for mixing fuel and air continue until approximately 20mm
downstream of the nozzle. If fuel is within this zone, it is anticipated to mix well with air,
but as in the case of the airblast injector, if fuel escapes beyond this highly turbulent zone, it
must rely only on diffusion to mix. Therefore, there may be a limit on the amount of fuel that
is efficiently mixed by this injector. The general trend of moving the turbulent kinetic energy
closer to the nozzle face is expected to more rapidly mix the fuel with air, in comparison to the
airblast injector.
116
(a) 0.00mm (b) 6.35mm (c) 12.70mm
(d) 19.05mm (e) 25.40mm (f) 31.75mm
(g) 38.10mm (h) 44.45mm (i) 50.80mm
Figure 6.25: Contours of Turbulent Kinetic Energy for an air-only simulation along slices
perpendicular to the axis and distanced downstream from the nozzle face
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A qualatative means of showing the turbulent eddies and vortex structures within the
simulations is to show contours of Q, the second invariant of the velocity gradient tensor,
which are greater than zero. These contours are shown, colored by instantaneous velocity
magnitude in Figure 6.26, which can be compared to the results for the airblast injector as
shown in Figure 4.18. As is the case with simulation of the airblast injector, the regions outside
of the mixing zone artificially appear to contain larger vortex structures, but this is largely an
artifact of the coarse mesh in these regions.
Figure 6.26: Contours of Q, colored by instantaneous velocity magnitude
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6.4.2.1 Air jet analysis
In order to better understand the influence of the air jets on the flowfield, a single isolated
jet from the outer row of swirlers was analyzed. The feature of importance is the backstep
diffuser which is unique over a traditional drilled hole air swirler. In order to quantify the
effects of this diffuser shape, two simulations were performed to compare a geometry with and
without the backstep, as shown in Figure 6.27.
Figure 6.27: Geometry used for air-only simulation with and without a backstep
An air-only analysis was computed with the same boundary conditions used in the complete
nozzle. As can be seen in Figure 6.28, the jet associated with the backstep diffuser is much
broader as it leaves the nozzle. This diffusion presents a more blunt and diffuse flow compared
to the highly penetrating jet of the non-diffuser flow.
Perhaps more telling of the nature of this jet are the instantaneous velocity contours shown
in Figure 6.29. In the case of the backstep diffuser, as the jet progresses from the initial bore
into the backstep area, the jet begins to wobble, leading to progressively larger deviations from
the axis of the hole. These excursions continue to grow as the jet leaves the diffuser, and
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the jet quickly expands to occupy nearly the entire downstream domain of this simulation.
The simulation lacking this diffuser maintains its coherent structure much further into the
downstream domain of the simulation.
The TKE contours of the entire nozzle presented evidence of mixing energy being located
very close to the nozzle face, immediately at the exit of inner and outer air jets. The single jet
analysis further pinpoints this TKE source, as shown in Figure 6.30. The highly unsteady jets
associated with the backstep diffuser incite the zones of highest energy to at a location directly
at the nozzle face. This TKE is directly available for any fuel which may be present in the zone
directly outside of the air jets.
Briefly summarizing, the airflow simulations of this novel injector appear to be somewhat
similar in nature to the airblast simulation, with the exception of the enhancements shown.
Specifically, the discrete jets of the novel injector appear to allow for a more intricate folding
associated with the interplay between inner, middle, and outer jets, and specifically the ability
for the jets of one circuit to be able to fold into the wake of the adjacent circuits. Furthermore,
the diffuser shape of the inner and outer air jets allow for highly turbulent energy present
without over-penetration of the jets into the flowfield. These enhancements are intended to
promote more rapid mixing of fuel and air - with the same caveat that fuel must be adequately
presented into the mixing zone.
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Figure 6.28: Contours of mean velocity magnitude for an air-only simulation with and without
a backstep
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Figure 6.29: Contours of instantaneous velocity magnitude for an air-only simulation with and
without a backstep
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Figure 6.30: Contours of Turbulent Kinetic Energy for an air-only simulation with backstep
and without a backstep
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6.4.3 Multispecies analysis results
As described in the geometry descriptions for this novel injector, the fuel is injected tan-
gentially around the perimeter of each individual air jet in the middle row jets. A multispecies,
fuel and air, simulation was done in a similar manner to that for the airblast injector. This
simulation injects a gaseous species of CH4 in through the fuel injection location in order to
characterize the mixing of fuel with air.
Due to the large disparity between the density of gaseous and liquid fuel, the passages that
were originally designed for liquid fuel were required to be enlarged in order to maintain a
reasonable Courant Number and sufficiently large time-step. The only components enlarged
for this simulation were the fuel feed slots as well as the the fuel cavity surrounding the middle
row of air jets.
The introduction of fuel into the airblast injector did not significantly change the flowfield
from an air-only simulation. However, the simulation of the novel injector shows some influence
of the fuel within the flowfield when compared to the air-only simulation. This influence of
fuel may be resultant of the injection location being more internal to the nozzle geometry,
thus displacing air through the metering geometry of the air passages. Or perhaps this change
in the flowfield is due to the air and fuel exchanging momentum more quickly, thus altering
the paths more immediately downstream of any nozzle, which could be perceived as a more
dramatic change in the downstream flowfield. Another suggestion could be made that the
velocity associated with injection of gaseous CH4 has been delivered through fuel passages
which are very small given the volumetric flow rate. This results in a high velocity of gaseous
species, which could influence the air flowfield more profoundly than the very weak flow specified
through the airblast injector. In any case, the mean velocity magnitude of the flowfield for the
multispecies analysis of the novel injector presented in Figure 6.31.
The difference in flowfields may look dramatic at first glance, but in reality, most of the
flowfield features described in the airflow analysis are still present. The main difference between
the two is that the multispecies results show a radially divergent flowfield directly as the flow
leaves the injector, opposed to the air only analysis where there was a nearly cylindrical flow
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which exited the injector, but soon became radially divergent as well.
Figure 6.31: Contours of mean velocity magnitude for a multispecies simulation
The axial component of velocity, shown in Figure 6.32, shows the largest deviation from the
airflow analysis. The size of the central recirculation zone has increased substantially, and the
size of the outer corner recirculation zone appears to have been reduced slightly. This gives the
impression of a more radially divergent flowfield than the air-only analysis. This effect is also
present in the radial velocity component. This component is slightly stronger, suggesting that
the introduction of a gaseous fuel has increased the momentum associated with the middle row
of holes, which could tip the scales towards this radially diverging flowfield. The tangential
component of velocity does not show a large difference from the air flowfield results. This is
not surprising considering how the tangential component does not remain tangential but is
converted to radial velocity quickly after leaving the constraints of the nozzle geometry.
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Figure 6.32: Contours of mean velocity components for a multispecies simulation
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While the effects of the fuel on the flowfield are interesting, the most important feature of
this simulation is not how well it compares to the air only flowfield, but instead how well the
air and fuel are mixed. The CH4 mass fraction has been time-averaged and the contours are
shown in Figure 6.33. These results are very promising, especially compared with the airblast
simulation results. It is plain to see that nearly all of the fuel is mixed with air extremely
close to the tip of the nozzle. This rapid mixing is shown even more dramatically in the slices
located axially downstream from the nozzle face, as shown in Figure 6.34. In these contours,
the fuel is nearly homogeneous by just 12.70mm from the nozzle face, compared with similar
levels seen in the airblast injector at 25.40mm from the nozzle face.
Figure 6.33: Contours of mean CH4 mass fraction for a multispecies simulation
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(a) 0.00mm (b) 6.35mm (c) 12.70mm
(d) 19.05mm (e) 25.40mm (f) 31.75mm
(g) 38.10mm (h) 44.45mm (i) 50.80mm
Figure 6.34: Contours of mean CH4 for a multispecies simulation along slices perpendicular to
the axis and distanced downstream from the nozzle face
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Furthermore, the instantaneous mass fraction of CH4 are shown in the cross-sectional slice
in Figure 6.35 as well as downstream slices as depicted in Figure 6.36. Recalling the multispecies
simulation of the airblast injector, the instantaneous contours showed large regions of unmixed
fuel which were located outside of the range of the mixing zone. These wisps of fuel, even
though instantaneous in nature, pose a higher than desired unmixedness, which is likely to
lead to higher values of NOx pollutant. Turning attention to the novel injector flowfield, these
large scale instantaneous rich pockets are quite subdued in comparison to those predicted in
the airblast injector simulations. The contours of instantaneous CH4 are largely well mixed
by 12.70mm downstream of the injector face, in comparison with the airblast streaks which
persist to nearly 50.80mm from the nozzle face. This simulation shows that the fuel which is
injected into the novel injector’s mixing zone is very well mixed prior to it leaving this mixing
zone, which is anticipated to be an improvement over the previous airblast injector.
Figure 6.35: Contours of instantaneous CH4 mass fraction for a multispecies simulation
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(a) 0.00mm (b) 6.35mm (c) 12.70mm
(d) 19.05mm (e) 25.40mm (f) 31.75mm
(g) 38.10mm (h) 44.45mm (i) 50.80mm
Figure 6.36: Contours of mean CH4 for a multispecies simulation along slices perpendicular to
the axis and distanced downstream from the nozzle face
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As a direct comparison of the ability of these injectors to rapidly mix CH4 injected in the fuel
injection locations, a quantitative comparison is made. For each axial location in Figure 4.24
and Figure 6.34, circumferential averages of CH4 have been calculated as a function of radial
distance from the centerline of each nozzle. This means that the data along these perpindicular
slices is circumferentially averaged for each radial distance from the central axis of the nozzle.
These values are shown in Figure 6.37, where the airblast injector (red) and novel injector
(blue) are directly compared. It is important to note that the 0.00mm axial location is scaled
to a much larger range than the other images to account for the very rich mixture located close
to the nozzle face. Within this comparison, it is clear to see how rapidly both injectors are
able to mix the fuel and air, but the novel injector is visibly superior at mixing the fuel and
air according to these simulations. The novel injector simulation also shows that the fuel is
initially more distributed than in the airblast injector simulation. This helps to confirm that
the design intent of a larger available surface area of fuel is achieved by spreading the fuel over
multiple cylindrical jets instead of a single prefilming surface.
The variance of these circumferentially averaged values is calculated for each axial location
and is plotted in Figure 6.38. This plot quantifies the overall homogeneity of the fuel air mixture
and again shows the thorough mixing of the novel injector in comparison to the airblast injector.
Also, the initial improved fuel distribution of the novel injector compared to the airblast injector
is evident in this comparison. In regards to the ability of the novel injector to mix fuel and
air, according to these multispecies simulations, one would expect superior performance from
the novel injector compared to the airblast injector. It is important to remember that this
simulation does not include the consumption of species due to combustion, which is important
for quantifying the effectiveness of these mixing devices. With this in mind, it is still useful as
a preliminary design tool for determining the ability of a fue injector to mix fuel and air.
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(a) 0.00mm (b) 6.35mm
(c) 12.70mm (d) 19.05mm
(e) 25.40mm (f) 31.75mm
(g) 38.10mm (h) 44.45mm
(i) 50.80mm
Figure 6.37: Circumferentially averaged mass concentration of CH4 vs Radial Distances at
axial locations from nozzle face for the airblast injector (red) and novel injector (blue)
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Figure 6.38: Variance of circumferentially averaged mass fraction of CH4 vs Axial Distance for
the airblast injector (red) and the novel injector (blue)
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6.4.4 Two phase analysis results
In addition to multispecies simulations, it is also important to assess the performance of
liquid injection. The premise of this novel injector is that the fuel jets provide a thin film
around the entire circumference of the fuel jet passage in order to maximize surface area of the
fuel for atomization and oxidation by the air flowing through the nozzle.
Firstly, two volume of fluid (VOF) simulations examine the effects of the fuel cavity and
its ability to distribute fuel around the perimeter of the fuel jet passage prior to the fuel being
exposed to air. Secondly, the entire nozzle is simulated by VOF in order to witness the effects
of summing all features within the fuel injector flowfield. Finally, qualitative comparisons are
made with the multiphase simulations of the airblast injector.
6.4.4.1 Fuel cavity analysis
As previously mentioned, another particularly important feature of this injector is the
recessed cavity surround the fuel air passage which allows the fuel which issues from the fuel
jet to completely circumscribe the air passage. An isolated fuel jet and associated air jet, as
shown in Figure 6.39, where the upper geometry includes a fuel cavity which surrounds the air
jet. The diameter of the fuel cavity is not constant, but instead spirals radially inward as it
reaches around the perimeter of the air jet. The lower image depicts geometry where the fuel
cavity has been removed and the fuel slot injects fuel directly into the air jet passage.
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Figure 6.39: Geometry used for multiphase simulation with and without fuel cavity
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Both geometries have been simulated using the OpenFOAM VOF solver, interDyMFoam,
which uses adaptive refinement as a function of the phase variable, in order to capture the
interface between air and liquid. The operating conditions are the Engine Takeoff design
condition, as seen in Table 3.1. Mean velocity magnitude contours are shown in 6.40. The
upper left image shows a cross-sectional slice through the central bore of the air jet of the
simulation including the fuel cavity, and the upper right image correspondingly shows a slice
perpendicular to the axis and located at the midspan of the fuel cavity. The lower images
show the simulation without the fuel cavity. From these images, it is clear to see the relative
velocities between fuel and air, but also the shelter provided by the small recessed fuel cavity.
Figure 6.40: Contours of mean velocity magnitude for a single fuel jet with and without a fuel
cavity
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Figure 6.41 shows the mean contours of the phase variable on the slice perpendicular to
the axis and at the midspan of the fuel cavity. The left picture clearly shows the ability of
the fuel cavity to allow the fuel to completely surround the air jet. The right image shows the
phase only proceeding slightly around the perimeter of the air jet before it is quickly diverted
downstream.
Figure 6.41: Contours of mean alpha fuel for a single fuel jet with and without a fuel cavity
A final comparison of these simulations is shown in Figure 6.42. This figure shows a thresh-
old value of mean alpha fuel greater than 0.15, which corresponds to the liquid phase. The
uppermost image shows how a very thin film is effectively produced by the fuel injection method,
which completely surrounds the air, and is transported downstream along the walls of the air
jet passage. The mesh coarsens at this exit point and does not capture the film into the down-
stream plenum, but in reality, it is anticipated that this thin film, as it is exposed to surround
air, would form ligaments and breakup into very small droplets. In comparison, the lower simu-
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lation shows that without the fuel cavity, the fuel jet is turned almost immediately downstream
and streaks along a single path towards the exit of the jet passage. This single jet is much
harder to atomize relative to a thin film, and is therefore not desirable.
Figure 6.42: Isometric perspective view of threshold of mean alpha fuel greater than 0.15 for a
multiphase simulation with and without a fuel cavity
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6.4.5 Design point complete injector multiphase analysis results
The full injector at the engine takeoff condition was simulated using the interFoam solver.
This simulation was completed in order to ensure that the filming characteristics obtained in
the single fuel jet simulations translate into a full injector model. A threshold of mean αfuel
with values greater than 0.15 are shown in Figure 6.43 as well as a side view in Figure 6.44.
The grid is fine enough to capture the very thin liquid film within the injector, but again,
only a few cells across the thickness of the film are available. In similarity to the multiphase
analysis performed for the airblast injector, the fine mesh near the filming surfaces begins to
coarsen outside of the injector confines and is unable to capture the liquid interface in an effort
to reduce the computational expense.
The results of the simulation show that fuel is allowed to film around the circumference of
the central air jet passages, allowing the air jets to access the liquid, accelerating the flow in
order to form surface waves, which would be expected to form ligaments which breakup and
atomize. The inner and outer rows of air jets would be anticipated to continue to atomize and
distribute the fuel.
The fuel film is very thin, but appears to be continuous in a time-averaged sense, confirming
the distribution of fuel around this surface. The surface area of the film is approximately twice
the cross sectional area of the airblast injector, and the film is able to completely surround
these air jets. These factors along with the assumption that a thinner fuel film results in finer
atomization, leads to the likelihood that the atomization of liquid fuel will be improved over
the traditional airblast injector.
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Figure 6.43: Isometric perspective view of threshold of mean αfuel greater than 0.15 for a
multiphase simulation
Figure 6.44: Perspective view of threshold of mean αfuel greater than 0.15 for a multiphase
simulation
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6.5 Summary and conclusion
Within this chapter, a novel injector’s design was described. This injector builds on the
concept of the airblast injector described in the previous chapters in that the general recircu-
lation zones are similar. In order to increase the mixing, the air circuits were designed to be
discrete jets instead of the annular passages in the airblast injector. These discrete jets are
designed with diffusers in order to increase the turbulent energy available immediately upon
exit of the nozzle passages. A second feature, prefilming fuel circuits within air jet passages,
aids the initial distribution of the fuel. Each of these fuel jet circuits consists of an inner air
jet, and a fuel slot which feeds tangentially into a protective fuel chamber. This protective
chamber allows the fuel to distribute evenly all the way around the circumference of the inner
air jet before it enters in the air stream. The air accelerated the fuel along the wall of the fuel
jet passage which is intended to form a very thin film of liquid, which is easily atomized by the
air. In similarity to the airblast injector, the fuel is located between the inner and outer air
streams, which shear in axial and tangential directions, and are intended to further atomize
the fuel and rapidly mix the fuel and air.
Through a series of eddy resolving simulations, the injector design was analyzed to determine
if its design intent performed as anticipated. Beginning with air-only simulations, the flowfield
was analyzed and compared to the airblast injector. Recirculation zones were identified, and
interactions of the air jets were studied. A submodel of a single air jet was analyzed to see
the effects of including the back step diffuser shape, and the simulation confirmed that the air
jet with the diffuser becomes much more turbulent as it leaves the nozzle passages into the
combustor. This design intent allows for the air to immediately begin mixing with fuel that
may be present directly outside of the air passage, and not tend to punch through the fuel
mixture, as a very steady focused air jet would do.
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A multispecies simulation was presented which shows the abilities of this novel injector to
rapidly mix gaseous fuel and air. In comparisons to the airblast injector, the novel injector is
able to reach a nearly homogeneous mixture much more rapidly. In fact, within about 12.70mm
of the nozzle face, the fuel is nearly completely dispersed within the air, which is only about
half the distance necessary for the airblast injector to reach the same level of mixedness.
Two phase analysis was also used to characterize the novel injector. The first analysis of
this type was used to determine the effectiveness of the fuel circuit to distribute fuel all the
way around the circumference of the fuel jet passage. Analysis of a single fuel jet passage was
an efficient means of determining the fuel distribution, without the computational demands of
trying to simulate an entire injector flowfield. This is a reasonable design tool which can give
insight into the design of the injector. It was determined that the inclusion of the fuel cavity
was necessary to allow the fuel to distribute around the circumference of the jet before it was
allowed to be accelerated by the air within this passage. Without this feature, the liquid fuel
was only allowed to jet down one side of the passage, which is not ideal for mixing with air.
The simulation including the fuel cavity shows an extremely fine film of fuel which encompasses
the fuel jet passage, which meets the design intent of the novel injector.
The final analysis shown was a two phase flow simulation of the entire injector. This
simulation was used to determine if the performance of the single fuel jet circuit would be
realized when the inner and outer air jets were also allowed to interact with the fuel jet circuits.
The simulation shows that the fuel jets maintain their fuel distribution which should allow the
air to rapidly atomize and mix the fuel.
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CHAPTER 7. OVERVIEW
A new class of gas turbine engine combustors, known as Multipoint Lean Direct Injection
(MLDI) systems have garnered particular interest for their ability to produce very low NOx
emissions. The key to this success is in the ability of the fuel injectors to widely distribute
and rapidly mix fuel and air. Through eddy-resolving computational analysis, a state-of-the
art airblast injector from a recent MLDI system has been analyzed. The purpose of these
simulations was to characterize the air flowfield, fuel distribution, and mixing characteristics
of the injector. Air-only simulations of the flowfield generated from a single fuel injector were
analyzed and features, such as the shear between inner and outer air circuits were described.
A multispecies analysis was used to quantify the ability of the injector to mix gaseous fuel with
air, which represents an evaporated fuel stream. Finally, liquid fuel distribution was simulated
using a two phase Volume of Fluid (VOF) approach. This simulation shows the ability of the
fuel distribution circuit of the airblast injector to form a thin cylindrical film. This thin film is
placed directly into the mixing zone created by the inner and outer air circuits, and is expected
to be rapidly atomized and mixed with air. The present simulations become inaccurate at the
stage where fuel atomizes. Nevertheless, they show how the injector leads to rapid mixing.
This rapid mixing is expected to form a nearly homogeneous mixture which, when reacted,
produces a very low NOx.
In order to validate the simulations, a variety of turbulence models were compared to exper-
imental measurements. The flowfield created by this airblast injector is very three-dimensional,
and as such, misalignment between comparison planes of experimental measurements and com-
putational results are a source of uncertainty. The use of a turbulence resolving Delayed De-
tached Eddy Simulation (DDES) model recently developed at Iowa State University is shown
to have good comparisons to the experimental data, as is a Dynamic Large Eddy Simulation
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(LES). Reynolds Averaged Navier Stokes (RANS) calculations do0 not match as well to the ex-
perimental measurements as the eddy resolving methods. An additional mesh resolution study
was used to determine the dependence of the solution on the mesh, which is shown to have only
minor influences on the solution. Also, the proximity of the downstream boundary conditions
to the nozzle geometry is found to have negligible effects. These validation efforts show that
the computational simulations using turbulence resolving methods are able to accurately depict
the flowfield of this type of fuel injectors and are recommended as a useful design tool.
A novel injector was proposed to improve the mixing of fuel and air. The geometry of this
injector was described, especially in regards to improvements over the existing airblast injector.
Air-only simulations show an overall flowfield similar to the airblast injector, including a rapid
jet mixing zone, and central and outer recirculation zones created by entrainment into this jet
mixing zone. Multispecies simulations were used to determine the mixing rates of the injector
and its ability to rapidly mix gaseous fuel and air. The simulation show that the novel injector
is able to mix the fuel and air to a nearly homogeneous mixture within only half the axial
distance that it took for the airblast injector to reach the same mixedness. It is anticipated
that this rapid mixing of fuel and air should lead to lower flame temperatures, which may
produce even lower NOx than produced from the airblast injector. Finally, two phase analysis
was used to show the fuel distribution of the novel injectors fuel injection scheme. This is an
important feature of the novel injector, in that improving the initial fuel distribution allows the
fuel to reach a homogeneous mixture more rapidly. The two phase analysis shows the ability
of the novel fuel jets to produce a very thin film of fuel which is expected to be atomized and
mixed by the air jets of the novel injector. As the film created by these fuel jets has an increased
surface area when compared to the airblast injector, it is surmised that the atomization of the
liquid fuel sheet should be more rapid, thus leading to a more homogeneous mixture.
In summary, eddy resolving simulations were used to analyze an existing design of a fuel
injector. These same simulation methods were then used to design and evaluate a novel fuel
injector. According to these simulations, the novel injector is anticipated to have improved
mixing of fuel and air, which should lead to lower emissions of NOx.
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